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Abstract
The topic of how a protein folds has been a major area of research for several decades; however,
important details about this process are still undetermined. Experimental limitations in the study of
protein folding are a result of no technique possessing both the necessary spatial and temporal
resolution. This Thesis presents several studies conducted with the goal of expanding upon the
experimentalist's toolbox, involving new methods of interrogating and/or perturbing protein systems of
interest.
The early chapters of this Thesis describe our efforts using established synthetic methods to extend the
utility of infrared spectroscopy in the study of protein folding. Specifically, we show that, using the
strategy of cysteine alkylation, we can incorporate novel vibrational probes into proteins in a site-specific
manner. We also show that combined sidechain mutagenesis, probing at multiple frequencies, and
isotopic labeling to obtain secondary structural resolution in infrared studies of protein folding, in the
process uncovering details about the folding mechanism of the Trp-cage miniprotein. Similarly, we
illustrated the use of thioamides as site-specific reporters of backbone-backbone hydrogen bonding, and
applied this functionalization to the Trpzip2 beta-hairpin system to validate its proposed folding
mechanism. Further work involved using D-amino acids to interrogate turn regions in proteins, specifically
examining Trp-cage folding.
The later chapters of this Thesis are focused on the effects of extrinsic molecules on the structural
ordering of proteins. Taking advantage of the lack of tertiary structure of intrinsically disordered proteins,
we examined the effect that trifluoroethanol has on protein folding, and found evidence that this
cosolvent acts as a nano-crowder. We also introduced the idea of using phototriggers to modify the free
energy landscape of folding for a given protein, and demonstrated that a peptide that typically folds in an
activated (barrier-containing) manner can be made to fold in a downhill fashion upon irradiation.
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ABSTRACT

INFRARED MEASUREMENTS OF PROTEIN CONFORMATIONAL DYNAMICS
Robert M. Culik
Feng Gai

The topic of how a protein folds has been a major area of research for several decades;
however, important details about this process are still undetermined. Experimental
limitations in the study of protein folding are a result of no technique possessing both the
necessary spatial and temporal resolution. This Thesis presents several studies conducted
with the goal of expanding upon the experimentalist’s toolbox, involving new methods of
interrogating and/or perturbing protein systems of interest.
The early chapters of this Thesis describe our efforts using established synthetic
methods to extend the utility of infrared spectroscopy in the study of protein folding.
Specifically, we show that, using the strategy of cysteine alkylation, we can incorporate
novel vibrational probes into proteins in a site-specific manner. We also show that
combined sidechain mutagenesis, probing at multiple frequencies, and isotopic labeling
to obtain secondary structural resolution in infrared studies of protein folding, in the
process uncovering details about the folding mechanism of the Trp-cage miniprotein.
Similarly, we illustrated the use of thioamides as site-specific reporters of backbonebackbone hydrogen bonding, and applied this functionalization to the Trpzip2 betahairpin system to validate its proposed folding mechanism. Further work involved using
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D-amino

acids to interrogate turn regions in proteins, specifically examining Trp-cage

folding.
The later chapters of this Thesis are focused on the effects of extrinsic molecules
on the structural ordering of proteins. Taking advantage of the lack of tertiary structure of
intrinsically disordered proteins, we examined the effect that trifluoroethanol has on
protein folding, and found evidence that this cosolvent acts as a nano-crowder. We also
introduced the idea of using phototriggers to modify the free energy landscape of folding
for a given protein, and demonstrated that a peptide that typically folds in an activated
(barrier-containing) manner can be made to fold in a downhill fashion upon irradiation.
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CHAPTER 1
Introduction

1

1.1 Protein Folding
With the discovery of proteins and the emergence of techniques to visualize structures of
these macromolecules, a natural follow-up question quickly arose: how do proteins adopt
these complicated, three-dimensional structures?[1] The study of how proteins fold
essentially began in the 1970s after the pioneering work of Christian Anfinsen,[2,3] who
showed that a protein can reversibly fold in a test tube without the presence of any other
molecules other than solvent. These findings indicated several important points about
folding: the folded state is the lowest in terms of free energy, there is exchange between
the folded and unfolded states with access only to thermal energy and the solvent, and the
folded structure of a given protein is encoded in its primary (amino acid) sequence.
Interestingly, when one considers all of the possible conformations in a given protein, as
Levinthal famously pointed out, it would take an incredible amount of time to fold if
there was no energetic bias towards the native state.[4] Therefore, folding came to be
understood in the framework of pathways, typically pictorialized using a one-dimensional
free energy landscape with wells depicting observable states and barriers between
them.[5,6] Identifying additional folding states (intermediates) and their connectivities, as
well as obtaining a structural picture of folding transition states are major research topics
in the contemporary study of protein folding.[7-24] Though there have been great
advances in these areas, which will be touched on throughout this Thesis, there are
several questions that still remain. One example of a persisting problem in protein folding
is whether discovered intermediates are on-pathway or not, and what the functional
purpose of an off-pathway intermediate could be.[25] Other studies have focused on
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generalizing the characteristics of folding transition states.[26,27] For example, a great
deal of evidence now suggests that most transition state structures of small proteins are
near-native, containing ~80% of the native structure of the protein of interest.[28] Further
work is now being conducted to understand the nature of the denatured state, and how
different these species are compared to the random coils we often envision them as.[29]
Other work is focused on the nature of initial protein structuring upon addition to solvent:
does secondary structure form first before any appreciable hydrophobic collapse, or does
the hydrophobic effect dominate the earliest events in protein folding?[30,31]
Regardless of the interpretation of the folding mechanism, however, the
prevailing assumption has been that proteins are globular, well-structured molecules in
their native state in solution. Efforts to expand folding principles beyond such viewpoints
began thirty years ago with the study of membrane proteins, whose structures generally
are disordered in solution until association with a lipid membrane.[32,33] Since then, the
binding of disordered peptides to membranes and their subsequent folding into helices
and insertion into the bilayer have been discovered.[34,35] Much still remains to be
studied with regards to disordered proteins that do not rely on membranes to fold.
Recent studies suggest that intrinsically disordered proteins (IDPs), proteins that
are unable to fold independently into a well-defined tertiary structure under physiological
conditions, seem to actually be much more prevalent in nature than previously
surmised.[36] For example, recent estimates based on bioinformatics showed that
disordered proteins or proteins containing large disordered regions (≥30 residues) may
make up as much as 30% of some eukaryotic genomes.[37] These IDPs include many
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DNA binding and cell-signaling proteins, and often are found in regulatory pathways,
including transcription and translation. The amino acid composition of these proteins
follows a trend: IDPs tend to have very low numbers of hydrophobic residues, but
contain many charged residues.[38] As hydrophobic collapse is often thought of as a
major driving force in protein folding, and repulsions arising from like charges can keep
a protein’s subunits well-separated, one can see how disorder persists in such proteins.
Why, then, do we have IDPs? Preliminary evidence suggests that the flexibility of IDPs
allows for multiple binding partners and higher levels of regulation via variable binding
affinities.[38,39] IDPs are found with greater frequency in increasingly complex
organisms (bacteria  yeast  humans), allowing a greater degree of regulation with
each additional level of organismal intricacy.[37] It has also been proposed that the
increased binding surface area of IDPs allows for faster association with ligands (the flycasting hypothesis),[40,41] although the increased hydrodynamic radius could slow
molecular diffusion and hence binding.[41] The latter would argue that the increased
binding rate observed for IDPs is due to a more favorable free energy change for binding,
stemming from the coupled folding process.
While the specifics of IDP binding have not completely been determined yet,
another mystery is how IDPs fold. Though it is true that some IDPs never adopt a fully
folded structure, even upon binding, many IDPs do fold into an ordered conformation
upon binding to a ligand.[39] One can imagine two extreme mechanisms by which an
IDP folds: either the IDP associates first with its binding partner and then folds (i.e.,
induced folding) or the IDP folds first and then associates with its binding partner. The
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latter has been referred to as conformational selection, as binding shifts the folding
equilibrium toward the folded state. Recent experiments have shown both mechanisms
are possible,[42-44] but much work is needed to fully elucidate exactly how folding takes
place at the molecular level and what predisposes a given IDP for one mechanism versus
another. Additionally, and perhaps most importantly, it should be noted that IDPs can
fold via a mechanism that is a combination of these two extremes, where only partial
folding is required before binding.[39]
Efforts to address the outstanding questions in protein folding involve both
experimental and computational studies. Early measurements of protein folding were
limited to denaturant mixing methods, probed either via tryptophan fluorescence or
circular dichroism. Details obtained with these experiments were limited, partially due to
the inability to observe events occurring faster than milliseconds, and partially due to the
lack of structural resolution with these techniques. Over the years, fast-initiation
techniques, such as rapid mixing,[45,46] pressure-jump spectroscopy,[47] and
temperature-jump spectroscopy[48-50] have extended the effective temporal resolution of
folding measurements to the nanosecond to microsecond timescale, where some of the
earliest events in protein structural formation occur. Similarly, techniques such as triple
resonance nuclear magnetic resonance (NMR) spectroscopy allow for atomistic structural
resolution in folding studies, and in some cases even can be used to determine the
structures of sparsely populated excited states of proteins.[51] Interestingly, despite all of
the technological advances over the past four decades, there is still a tradeoff in
experimental techniques of spatial and temporal resolution; in other words, no
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contemporary technique is universally applicable to folding questions ranging a great
span of time or length scales. To overcome this limitation, one has to devise alternative
means to uncover important details. Computational studies of protein folding began with
simple lattice models, combined with theory from polymer physics and statistical
mechanics, which despite their simple nature were often able to capture many of the
characteristics of protein chains. From these elementary frameworks arose the idea that
free energy landscapes of protein folding should be representative of additional degrees
of freedom, and ultimately led to the ‘folding funnel’ concept when the energetics of
folding were plotted as a function of overall conformational entropy.[52-55]
Contemporary simulations have increased the complexity of their systems, often
employing the full structures of proteins of interest in explicit solvent and simulating for
aggregates of time of up to milliseconds.[56] While it is worth mentioning that
researchers have devised many ways to perform such a large amount of calculations, for
example by using supercomputers,[56-57] employing distributed computing,[58] or using
computers dedicated to solving these mathematical problems, often with the help of
graphics processor units, it is beyond the scope of this Thesis to delve further into the
details of this work. Here, it is sufficient to note that the contemporary problems of
protein folding can be approached with equivalent rigor from an experimental or
theoretical framework, and often the conclusions obtained from one method can be wellcomplemented by work from the other end of the spectrum.
In this Thesis, the overarching goal is to expand upon the experimentalists’
toolbox for studying protein folding, either by introducing new methods or by
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functionalizing the molecules studied to provide additional information than what can
normally be obtained using infrared spectroscopy. For example, chapters 4, 6, and 7
involve chemical modifications of proteins to either directly or indirectly increase the
structural resolution of infrared measurements, whereas chapters 5 and 8 utilize new
advances with our transient infrared setup that allow us to investigate a miniprotein’s
folding mechanism and the nature of a cosolvent’s effects on protein stability.
Chapter 2 is a summary of the theory used in the doctoral research presented in
this Thesis. A general overview of protein folding thermodynamics and kinetics is laid
out, as well as an outline for analytical methods used to study folding transition states.
Chapter 3 involves a discussion of the methods and molecular modifications used
in the following research. This includes a discussion of circular dichroism (CD), Fourier
transform infrared spectroscopy, temperature jump transient IR measurements, and
vibrational probes.
Chapter 4 demonstrates a new method to incorporate aromatic nitrile probes into
peptides and proteins through cysteine sidechains using an alkylation reaction. We
distinguish between several model compounds to identify an ideal candidate for
incorporation in terms of extinction coefficient, sensitivity to the electrostatic
environment, and ease of reaction: para cyano benzyl bromide. We further go on to test
the incorporation in a model peptide, and assay probe utility by comparing its vibrational
transition when exposed in water and when buried in complex with a larger protein.
Finally, we show incorporation of this probe in a protein, revealing the range of
applications for this method.
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In Chapter 5, we take advantage of isotope labeling and sidechain vibrational
transitions to develop a method to use multiple probes and probing frequencies to reveal
kinetics of different secondary structural elements. We apply this technique to a wellstudied miniprotein, Trp-cage, and observe kinetics indicative of a hidden intermediate.
Further analysis identifies this intermediate as the native state minus the folded 310 helix,
and the rate-limiting step of folding as being the formation of the alpha helix. By
increasing the effective structural resolution of the typical T-jump experiment, we are
able to observe folding events that would be otherwise invisible, even in so-called
‘simple’ model systems that are well-studied both experimentally and computationally.
In Chapter 6, we demonstrate an approach to site-specifically perturb a backbonebackbone hydrogen bond. Since thioamides are almost isosteric as native oxoamides, but
the sulfur atom in a thioamide is a weaker hydrogen bond acceptor than the oxygen in an
oxoamide, this functionalization represents a facile way to perturb a single hydrogen
bond and assess its energetic contributions to folding. We tested this method by
incorporating thioamide amino acids individually into several positions in a Trpzip betahairpin, and found that the backbone-backbone hydrogen bond next to the turn is
important in forming the transition state, consistent with previous studies.
Chapter 7 presents an application of using D-amino acids to dissect a protein’s
folding mechanism. Since D-amino acids have access to areas of the Ramachandran plot
that otherwise are only accessible to glycine residues, they represent a unique avenue to
interrogate the importance of glycines in proteins and their frequent placement in turn
regions of structures. To assess if this method is practical, we substitute an important
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glycine in the Trp-cage model peptide with several different D-amino acids to gain
further insight into the peptide’s folding mechanism. We observe that the C-terminus of
the alpha helix in Trp-cage, where this particular glycine is found, is not fully formed in
the transition state.
In Chapter 8, we investigate the mechanism of how the cosolvent trifluoroethanol
(TFE) affects protein stability. Specifically, TFE has long been known and used to
stabilize helical secondary structure – additionally, it is well-documented that TFE
destabilizes tertiary structure. While there are several explanations for these observations,
in general it is difficult to separate the effects on secondary and tertiary structure. One
way around this problem is by using IDPs, which may have some amount of secondary
structure, but lack any significant tertiary structure. We perform kinetic measurements on
two different IDP systems, one which forms a helix-turn-helix with increasing TFE
concentration and one that forms a single helix, to examine if there are differences in
relaxation rates between the two. Interestingly, we find that in the case of the single helix
there is no change on relaxation rate with increasing TFE concentration, however for the
helix-turn-helix we observe a decrease in relaxation rate at intermediate (~30 % v/v) TFE
concentrations, which goes away at higher (~50% v/v) TFE concentrations. We believe
that these observations are consistent with recent computational findings suggesting that
cosolvents act as ‘mini-crowders’.
Chapter 9 presents a method to trigger ultrafast, barrierless folding with light. The
use of phototriggers to initiate folding from a constrained, known state allows researchers
to ask specific questions about the nature of the folding landscape that otherwise could
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not be addressed experimentally. While this technology is not new, here we add another
dimension to the technique by using the phototrigger to constrain structural elements
formed at the transition state of folding, allowing us to significantly populate the
transition state upon irradiation. We tested this idea with the Trp-cage model peptide,
whose folding mechanism and transition state structure we have previously characterized.
By inserting an azobenzene crosslinker into the alpha helix of Trp-cage, we effectively
prevent its formation, and the folding of the rest of the molecule, unless triggered with
light. Kinetic folding measurements after triggering reveal dynamics that have a time
constant of ~100 ns at room temperature, which is an order of magnitude faster than the
folding rate of wild-type Trp-cage at that temperature. The ability to take a protein that
folds in an activated (barrier-containing) manner and convert it into a downhill folder
upon irradiation is useful, as it not only validates our understanding of the molecule’s
dominant folding mechanism, but also allows us to infer useful details about the protein’s
free energy landscape, such as the landscape roughness.
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CHAPTER 2
Theory
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2.1 Protein Folding Thermodynamics
To quantitatively investigate the folding of proteins, one first must examine the
theoretical framework of protein folding thermodynamics. Folding thermodynamics have
been extensively studied in the past.[59-61] While there is a great deal of information
worth understanding with regards to examining the equilibria between different protein
conformational states, here it is sufficient to explain a few simple concepts.
To begin, it has been commonly observed that a predominant number of small
proteins and peptides fold in a two-state manner, where molecules only exist in either a
folded (F) or unfolded (U) state. In this scenario, a chemical equilibria equation relating
the two states is simply:
F⇄U

(2.1)

with a forward (unfolding) reaction rate constant, ku, and backward (folding) rate
constant, kf. The equilibrium between these two states is a function of the Gibbs free
energy of unfolding (ΔGu, which is equivalent to the difference in free energy of the
unfolded and folded states, respectively), which can be expressed as:
( )

(

)

(

( ⁄

))

(2.2)

where ΔH°, ΔS°, and ΔCp are the enthalpy, entropy, and heat capacity of unfolding,
respectively, and

R

is a reference point, typically chosen to be the melting point (50%

folded, 50% unfolded) of the system of interest. Equation 2.2 can be further detailed with
additional variables such as pressure or denaturant, however the work in this thesis does
not require consideration of these other factors, and therefore they have been purposely
neglected for the sake of simplicity.
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2.2 Protein Folding Kinetics
As found for folding thermodynamics, it is useful to apply the two-state folding scenario
to interpret folding kinetics. As understood from equation 2.1, at equilibrium the
magnitude of the change in the folded population as a function of time,
equivalent to the change in the unfolded population as a function of time,

( )

, is
( )

,

otherwise expressed as:
( )

( )

( )

(2.3)

can also be written in terms of kf and ku, as follows:
( )

( )

( )

(2.4)

Here, it is helpful to relate [F] and [U] with the following equation:
[F] + [U] = [B]

(2.5)

where [B] is the total population. With this relation, Equation 2.4 can now be integrated
to yield an equation describing the folded population as a function of time:
(

( )

)

(2.6)

where C is a constant of integration. Equation 2.6 is useful because examination of its
form reveals that at equilibrium [F] equals [B] * kf / (kf + ku). Additionally, it shows that
any deviation from equilibrium will have an exponential relaxation back to equilibrium
with a rate constant equal to the sum of the folding and unfolding rate constants. Using
Equation 2.4 it is easy to relate the equilibrium constant (Keq) to the folding and
unfolding rate constants:
(2.7)
13

Thus, for a given system under a common set of conditions, if the equilibrium constant
and relaxation rate (kr) are both known, one can determine kf and ku individually.
We can further interpret results from relaxation kinetic measurements if we
extrapolate values for kf and ku. For example, if one knows the folding rate for a given
protein, one can estimate values for the barrier height (ΔG‡) of the reaction using the
Arrhenius equation:
⁄

(2.8)

where A is a constant often referred to as an attempt frequency and kB is the Boltzmann
constant. Precisely defining and evaluating A has been a major research focus of many
labs in the past, the full details of which will not be discussed here. Contemporarily, the
folding community typically interprets barrier heights in the framework of Kramer’s
equation:
⁄
( )

(2.9)

where n(T) is a frictional term related to the viscosity of the solvent.[62] Addition of this
term to the Arrhenius equation was helpful in studies examining the viscositydependence of folding of proteins. Kramer’s theory also provides a way to interpret data
on downhill folding, where the barrier to folding is absent or relatively small in
comparison to kBT (0.6 kcal/mol at room temperature); such analysis allows one to
estimate the roughness of the energy landscape, a parameter which is otherwise rather
difficult to investigate.
Additionally, methods have been developed to understand the nature of the
transition state. Perhaps the most famous of these approaches is phi-value analysis, where
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strategic (typically sidechain) mutations are made in a protein in an effort to assess
whether some interaction found in the native (i.e. folded) state of the protein is also
present in the transition state.[26] To address this question, the equilibrium constants of
unfolding for both the mutant and wild-type proteins are measured. Here, it is helpful to
point out the relationship between the free energy of unfolding and the equilibrium
constant:
(2.10)
Using Equation 2.10, we can determine the change in stabilization of the native state due
to the above mutation by examining the ratio of the equilibrium constants of unfolding of
the mutant and wild-type as follows:
(2.11)
where ΔΔGu is the change in stability of the native state due to mutation, Km is the
equilibrium constant of the mutant peptide, and Kwt is the equilibrium constant of the
wild-type peptide. We can analogously estimate the change in stabilization of the
transition state due to the above mutation by examining the ratio of the folding rates of
the mutant and wild-type as follows:
(2.12)
where ΔΔG‡ is the change in barrier height due to mutation, km is the folding rate of the
mutant peptide, and kwt is the folding rate of the wild-type peptide. The phi-value (Φ) is
defined as:
(2.13)
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In an ideal situation, a mutation that affects a native interaction in the transition state
would yield a phi-value of 1, whereas a mutation that perturbs an interaction not present
in the transition state would yield a value of 0. Thus, with multiple individual mutations
throughout a model system, one could, in theory, identify all interactions/structure
present in the transition state of folding, something which otherwise is very difficult to
assess experimentally at the present time. In practice, however, there are several pitfalls
when using this analysis. For one, this method assumes that stabilizing interactions in
proteins are pairwise and additive. In reality, this assumption is not correct in all cases.
Another premise is that an interaction present in the transition state has the same
energetic contribution as in the native state. This may not hold true, as some structures
are not completely formed in transition states,[63] and sometimes mutations can alter the
dominant transition state,[64,65] leading to the comparison of two different states
entirely. Both of these examples could potentially result in a fractional phi-value.
Similarly, a mutation in a protein might cause some non-native interaction that results in
different changes in the free energy of unfolding for the transition state and the native
state. Finally, and perhaps most importantly, this method assumes that mutations do not
affect the free energy of the unfolded state. Characterizing protein unfolded states is a
popular topic in contemporary protein folding studies, and future measurements of
energetic effects on unfolded states of mutant proteins would be very useful in expanding
upon the information obtained via this analysis.[29] Ultimately, the caveats of phi-value
analysis are realized in experimental results that lead to phi-values that are fractional,
negative, or much larger than one – interpretation of these values is rather difficult, and
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typically requires additional measurements or other forms of analysis. Despite these
limitations, phi-value analysis has been successfully applied to many two-state folding
peptides and proteins, allowing researchers to identify structural elements of transition
states and better understand folding mechanisms. For completeness, a brief commentary
on an analog of phi-value analysis, termed psi-value analysis is worth mentioning. Psivalue analysis utilizes bi-histidine mutations in the protein of interest. Taking advantage
of the metal-binding nature of the bi-histidine structure, folding measurements can be
performed as a function of metal concentration and, using an analysis similar to phi-value
analysis, a psi-value can be obtained, which informs on whether or not the mutated region
of the protein is structured in the folding transition state.[27,66] There are many
examples of applications of psi-value analysis to the study of protein folding
mechanisms, but expounding upon them in great detail is beyond the scope of this Thesis.
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CHAPTER 3
Methods
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3.1 Circular Dichroism (CD) Spectroscopy
Circular dichroism is a useful and popular technique to assay secondary structural content
in proteins. CD measurements send right and left circularly polarized light into a sample
compartment, and the difference in absorption of one polarization over the other (the
ellipticity), due to the chirality of the sample, gives rise to the resulting spectrum. For
proteins, the typical wavelength region examined by CD measurements is the far-UV
(190-250 nm), where the peptide backbone electronic transitions n→π* and π→π*
absorb. Typically, alpha helices have two minima at 222 and 209 nm, corresponding to
n→π* and π→π* transitions. The lower wavelength transition is sensitive to helix length,
where a shorter helix will result in a blueshift in the minimum. In contrast, beta-sheets
have one minimum (n→π*) at ~215 nm, whereas random coil conformations have a
single minimum (n→π*) at ~195 nm. Proteins containing mixtures of secondary
structures have spectra that are difficult to interpret due to the fact that the helical
transitions have a larger extinction coefficient than transitions of the other structural
elements, and therefore signal from alpha-helices tend to dominate such spectra. Despite
this, efforts have been made to quantify amounts of secondary structure directly from CD
wavelength spectra using software such as K2D2, which compare CD spectra of proteins
with unknown secondary structure contents to a library of spectra of proteins with known
secondary structures.[67] Some sidechains, most notably the aromatic ones, give rise to
signals in CD wavelength spectra – tryptophan, for example, typically has a positive
ellipticity at a wavelength of ~220 nm from its Bb transition – however, the extinction of
these transitions is relatively low compared to backbone transitions.[68] An exception to
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this is observed when coupling exists between two or more aromatic sidechains in a given
molecule. The best example of this is found in the Trpzip model peptide system, a betahairpin that contains four tryptophans in close proximity to one another. The excitonic
coupling of the Bb transition of these tryptophans gives rise to a very unique CD
wavelength spectrum where the sidechain absorptions dwarf those of the backbone,
resulting in a minimum at ~212 nm and a maximum at 227 nm due to splitting. The CD
temperature melt, where ellipticity measurements at one wavelength are monitored over a
range of temperatures, is a useful method for determining equilibrium constants of
unfolding as a function of temperature, which is necessary for extrapolating folding and
unfolding rates from relaxation kinetics (see Chapter 2) measured using temperaturejump experiments. The wavelength chosen for this experiment corresponds to the peak
ellipticity value in a given protein’s CD wavelength spectrum (222 nm for a helical
protein, etc.). For a two-state folder, we can interpret the ellipticity measured at a
particular temperature (θ(T)) to be the sum of the signals arising from the folded (θf(T))
and unfolded (θu(T)) states, multiplied by their respective populations and normalized by
the total population:
( )

( )

( )

(3.1)

which can be rearranged using the equilibrium constant of unfolding to be:
( )

( )

( )

(3.2)

Additionally, θf(T) and θu(T) are assumed to vary linearly with temperature:
( )

(3.3)

( )

(3.4)
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where a, b, c, and d are all constants. Through the use of Equations (2.2) and (3.2) to fit
temperature melt data, one can obtain values for all thermodynamic parameters.
3.2 Fourier-Transform Infrared (FTIR) Spectroscopy
FTIR is a popular technique for measuring the infrared absorption of samples over a
broad spectral range (typically from 500-4000 cm-1). To accomplish this, a broadband
source (e.g. a globar) is sent into an interferometer, and the resulting interferogram is sent
through the sample. A Fourier transform of the resulting signal gives rise to a
transmission spectrum of the sample, which can easily be converted to absorbance using
Beer’s law:
(3.5)
where I is the transmittance intensity of the sample at a given wavenumber, and I0 is the
transmittance intensity of a reference at the same wavenumber. For our sample cells, we
have two separate compartments, one for the protein sample, and one for the buffer
background. For our measurements, the transmittance through buffer alone is used as the
reference unless otherwise specified. Our FTIR setup also has temperature control (~4-70
°C) via a water bath connected to the sample cell holder. By collecting absorption spectra
of a sample over a range of temperatures and subtracting the absorption spectrum at the
lowest measured temperature, one can obtain a difference spectrum that shows how the
IR spectrum changes as a function of temperature. This is useful for determining probing
frequencies in temperature-jump studies, as well as estimating the magnitude of signals
obtained in temperature-jump measurements.
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3.3 Laser-Induced Temperature-jump (T-jump) Spectroscopy
To obtain measurements of folding/unfolding kinetics, one must perturb a system’s
equilibrium and follow the resulting dynamics. While there have been many methods
over the years that vary how the system is taken out of equilibrium or how the dynamics
are measured, one practical limiting factor applies to all experimental methods: a
measurement can have either very high spatial or temporal resolution, but not both.
Efforts to improve the limiting resolution of different methods (including the measures
taken in this Thesis) continue, but to date no technique by itself is able to examine every
aspect of the folding of a given protein. One of the non-equilibrium techniques used in
our lab is laser-induced T-jump spectroscopy.[48-50] In our setup, a nanosecond Nd:Yag
laser, whose 1064 nm output is shifted to 1.9 µm via the stimulated raman effect, is used
to excite the vibrational overtone of D2O, which relaxes on a picosecond timescale and
transfers the energy to heat. The magnitude of a T-jump is dependent on several
parameters:
(

)

(

)

(3.6)

where r is the beam radius, z is the distance the beam has traveled through the sample in
the direction of propagation, k is the extinction coefficient of the sample (10.1 cm-1 for
bulk D2O at 1.9 µm), ρ is the density of the solution, and Cv is the heat capacity of the
solution.[69] By using relatively small pathlengths (50 µm) and a vibrational transition
with a weak extinction coefficient, we are able to have excitation light with roughly the
same intensity throughout the pathlength of sample cells, allowing us to prevent a
temperature gradient from resulting. In addition, the probe laser used to monitor protein22

related infrared transitions has a smaller beam diameter than the pump laser, which
allows us to probe a spatial region of the heated sample that is relatively homogeneous in
temperature. FTIR measurements of D2O as a function of temperature allow us to use a
calibration curve relating change in absorbance to the magnitude of a T-jump with a
specified initial temperature and probing frequency. By comparing the change in
absorbance of buffer in a temperature jump experiment to the calibration curve described,
we can estimate the final temperature of the excited region.
3.4 Infrared Spectroscopy of Proteins
The use of infrared spectroscopy predominantly focuses on the use of the amide I
vibrational transition, which corresponds largely to the antisymmetric stretching of the
carbonyl in the polypeptide backbone. This particular vibration is useful because of its
location in an otherwise uncongested region of the infrared spectrum, and is sensitive to
the local environment and to coupling with other amide I chromophores.[70] The latter
property results in the amide I transition having different spectral signatures depending
on the secondary structures present in the system of interest.
Like all of the contemporary techniques commonly used to study protein
conformational dynamics, there is a tradeoff between temporal and spatial resolution. For
example, X-ray crystallography is currently unparalleled in its ability to determine
structural details with atomistic resolution, however the resulting measurements are static
snapshots of biomolecules. In the other extreme, one of the benefits of using infrared
spectroscopy is the fact that the oscillations of chromophores occur on the femtosecond
to picosecond timescale, affording incredible temporal resolution, however the
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vibrational transitions typically examined for proteins largely lack any appreciable spatial
resolution. Several methods exist to circumvent these limitations; two of the most popular
are the use of extrinsic probes and isotopic labeling. Extrinsic probes are desirable
because their vibrational transitions occur in otherwise unpopulated regions of the
infrared spectrum, such as the nitrile stretching transition of para-cyanophenylalanine in
H2O (2237 cm-1), and they are sensitive to the local environment. A great number of
studies have been devoted to identifying suitable vibrational functional groups and probes
for infrared spectroscopic measurements of proteins, which have been reviewed
extensively in the literature.[71] While early efforts at identifying probes focused on
molecules that could be incorporated into peptides via solid-phase peptide synthesis,
more recent studies have examined the insertion of vibrational probes into proteins using
amber codon suppression and molecular replacement strategies.[72,73] Though a great
amount could be written about the development and application of these techniques, the
topic is beyond the scope of this Thesis.
An alternative method to circumvent the limited structural resolution of infrared
measurements of proteins is to use isotopic labeling.[74] Specifically, by replacing an
atom in the chromophore of interest with a heavier variant (i.e. replacing the
16

O in the amide I vibrator to

13

C and/or

18

12

C and/or

O), the labeled chromophore will vibrate at

lower frequency with respect to the unlabeled chromophores, as one would expect in the
case of a classical vibrator that followed Hooke’s law. In the case where both the
carbonyl carbon and oxygen are labeled, the resulting vibrational transition will be redshifted by ~70 cm-1. Since this technique requires the labeling of specific positions and
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not entirely throughout the peptide backbone, it is not readily applicable in larger protein
systems (>45 amino acids) that must be expressed. However, there are numerous
examples in the literature of using isotopic labeling to study the folding and local
environment of small model peptides.[75,76]
3.5 Using Phototriggers to Initiate Conformational Changes in Proteins
An increasingly utilized way to perturb protein conformational equilibria is to employ a
molecular trigger, which is synthetically incorporated into the system of interest.
Molecular triggers for folding have been a topic of study for decades. There are multiple
types of molecular triggering methods, which are dependent on the type of functional
moieties that are present; examples of triggering methods include mechanical
triggering,[77] triggering with current,[78] and phototriggering.[79] Due to the large
number of molecules that change conformations upon absorbing light of a particular
wavelength, as well as the ease with which triggering can be achieved, phototriggers are
the most popular way to switch protein conformations. There are many examples of
phototriggers, and the use of each is typically determined based on several parameters.
For example, most of the time the desirable spectral absorbance range for phototriggers
falls between 310 and 800 nm. This range is practical in nature: protein sidechain and
backbone transitions absorb below 310 nm, and above 800 nm there is not (generally)
sufficient energy to generate a conformational transition large enough to significantly
affect protein structure. Another important consideration is whether the trigger will be
reversible or not. If the trigger is reversible, one must ensure that the reverse reaction
does not occur on the same timescale as (or before) the desired molecular event that will
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be observed. If the trigger is irreversible, one must work with large amounts of sample
and typically a flow cell apparatus to ensure that there is always phototriggering
occurring during a given experiment. An additional consideration is the photochemical
yield of the reaction. In general a high photochemical yield is desirable to maximize
signal, however for scenarios where one is using an irreversible phototrigger with a
limiting amount of sample, some compromise between signal strength and rate of sample
conversion is applied. Further, triggering should occur on a faster timescale than the
molecular event to be observed. Finally, the trigger must be able to be synthetically
incorporated into the protein of interest. Over the past few decades, a substantial number
of molecules have been examined as potential phototriggers. A practical choice for a
phototrigger comes from natural elements in proteins: disulfide bonds. It is well known
that disulfides can be cleaved with ultraviolet light (270 nm), however the free radicals
formed often undergo geminate recombination, which leads to new disulfide bond
formation.[80] The radicals can also take part in side reactions with protein sidechains or
the backbone, potentially disrupting protein native structure. Additionally, normal
disulfide bonds cleave on a microsecond timescale, which would interfere with folding
measurements of model peptide/protein systems, since their conformational dynamics
also typically occur then. One solution to this is to synthesize aryl disulfides, which are
known to cleave in less than one picosecond.[79] To combat geminate recombination,
scientists have found that insertion of disulfides into proteins in geometries that strain the
bond greatly reduces disulfide bond reformation after cleavage.[80] This can be tricky,
however, since ensuring that a disulfide bond is in a strained configuration requires some
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trial and error. Another alternative is to insert a tryptophan proximal to the disulfide
bond, and by exciting the tryptophan, an electron from the tryptophan will transfer to the
disulfide, breaking the bond irreversibly.[81] There are several other examples of
irreversible phototriggers, including tetrazines, hydrazines, and dimethoxybenzoins. Of
the list of irreversible phototriggers, tetrazines are currently the most popular due to their
fast timescales of reaction (picoseconds), a relatively high photochemical yield (~30%),
and their excitation wavelengths (355 nm). There are several examples of using tetrazine
to study conformational rearrangements in protein systems.[82,83]
Reversible phototriggers have focused on isomerization reactions of molecules,
largely stemming from the original investigation of photoexcited stilbene isomerization
by Hochstrasser and coworkers.[84] A natural variant of stilbene is the azobenzene
moiety,

where

the

stereocenter

carbons

are

replaced

with

nitrogens.

The

photoisomerization of azobenzene has been extensively studied; the conversion of the
thermally equilibrated trans conformation is believed to proceed to the cis conformation
upon excitation via diffusion on the excited energy landscape followed by movement
through a conical intersection to nuclear coordinates in the cis geometry.[85] This
photochemistry also occurs on the picosecond timescale, while the reverse reaction
thermally occurs on a much slower (seconds to minutes) timescale. Many chemical
functionalizations of the azobenzene moiety have been investigated to facilitate easy
incorporation into proteins and to alter the excitation wavelength for photoisomerization.
A great number of studies using this variant of phototriggers apply a di-iodoaacetamide
azobezene, which can be inserted into proteins easily using cysteine alkylation strategies
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with the cysteine sidechain.[86-90] Here, the excitation wavelength is 355 nm, and the
chemical yield is typically ~50%. Though this probe is highly desirable, Woolley and
coworkers have recently developed azobenzene variants that have excitations in the
visible region of the electromagnetic spectrum as well, and efforts to identify and design
other reversible phototriggers still continue.
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CHAPTER 4
Selective Incorporation of Nitrile-Based Infrared Probes into Proteins via Cysteine
Alkylation
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4.1 Introduction
The CN (nitrile) stretching vibration has recently emerged as a valuable infrared (IR)
probe of the conformation and local environment of biological molecules[91-115] due to
its sensitivity to various factors,[103,104,107] such as local electric field and hydrogen
bonding interactions.[116] For example, it has been used to probe peptide insertion into
membranes,[96] protein-ligand interactions,[115] and the dehydration status of an
antimicrobial peptide encapsulated in reverse micelles.[98] For chemically synthesizable
peptides, site-specific incorporation of a nitrile group is readily achievable through the
use of nitrile-derivatized non-natural amino acids, such as cyanoalanine (AlaCN) and pcyanophenylalanine (PheCN). For proteins that cannot be chemically synthesized,
however, selective incorporation of a nitrile moiety is rather difficult. Although it has
been shown that PheCN can be incorporated into proteins by using an orthogonal tRNAsynthetase pair,[72,117] the techniques involved are time-intensive and available to only
a handful of laboratories worldwide. Thus, it would be quite helpful to develop both an
alternative and easier method for selective incorporation of different nitrile moieties into
proteins. Here, we show that cysteine alkylation and arylation reactions can be used for
such a purpose.
4.2 Experimental Section
Synthesis and Purification of Materials
Cysteine derivatives: The four model nitrile probes (1, 2, 3, and 4) were synthesized from
N-acetyl cysteine using previously reported procedures. All the prepared compounds
show satisfactory NMR (1H and 13C) and ESI-MS data, which will be reported elsewhere.
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The IR samples of these probes were prepared by directly dissolving lyophilized solids in
either Millipore water or 99.5+% spectroscopic grade tetrahydrofuran (Acros Organics)
and the corresponding concentrations were estimated by weight.
Mastoparan-X

mutants:

The

two

mutants

of

mastoparan-X

(sequence:

INWKGIAAMAKKLL), W3C and A8C, were synthesized on an Argonaut Quest 210
synthesizer (Argonaut Technologies) at 0.092 mmol scales using Fmoc-CLEARTM
Amide resin (substitution level - 0.46 mmol/g). Activation of Fmoc-amino acids (5-fold
excess) was achieved with 0.95 equiv (relative to the amino acid) excess of HBTU in the
presence of 10 equiv of DIPEA in DMF (HPLC grade, Aldrich). Side chain deprotection
and simultaneous cleavage from the resin were carried out using a mixture of
TFA/thioanisole/ethanedithiol/anisole (90:5:3:2, v/v) at room temperature, for 3 hours.
After filtration, most of the solvent was then evaporated using a stream of N2. The crude
peptide was obtained by ether precipitation, which was then purified to homogeneity by
reverse-phase chromatography (Agilent 1100 Series) with a C18 preparative column
(Vydac) using a constant 10% buffer A (1% TFA in Millipore water), and a linear
gradient of buffer B (100% acetonitrile) and buffer C (100% Millipore water). The mass
of all peptides was verified using a Bruker Ultraflex III mass spectrometer.
Purified MpX mutants (W3C and A8C) were then used to perform the cysteine alkylation
reaction with 4-bromomethyl benzonitrile under the conditions specified in Figure 4.1.
Purification was performed as described above for the cysteine derivatives. The IR
samples were prepared by directly dissolving lyophilized peptide solids into 50 mM
HEPES buffer (pH 7). For the peptide binding experiments, the buffer also contains 30
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mM CaCl2 and 2 mM CaM. The final concentration of the A8C-CN was approximately 2
mM, estimated by Trp absorbance at 280 nm using an extinction coefficient of 5,500 M1

cm-1. The final concentration of the W3C-CN was estimated to be between 1-2 mM

based on the absorbance at 214 nm using an extinction coefficient of 15,521 M-1cm-1.
Calmodulin variants: Human CaM was used in the MpX binding experiments, which has
the following sequence:
ADQL TEEQI AEFKE AFSLF DKDGD GTITT KELGT VMRSL GQNPT EAELQ
DMINE VDADG NGTID FPEFL TMMAR KMKDT DSEEE IREAF RVFDK DGNGY
ISAAE LRHVM TNLGE KLTDE EVDEM IREAD IDGDG QVNYE EFVQM MTAK
A his-tagged version of human calmodulin-like protein CALM3, which contains a single
cysteine residue, was used to test the cysteine alkylation reaction in proteins. The
CALM3 gene was obtained from Invitrogen (cloned into pEXP5-NT/TOPO vector) and
has the following sequence:
SGSHH HHHHG SSGEN LYFQS LMADQ LTEEQ VTEFK EAFSL FDKDG DGCIT
TRELG TVMRS LGQNP TEAEL RDMMS EIDRD GNGTV DFPEF LGMMA
RKMKD TDNEE EIREA FRVFD KDGNG FVSAA ELRHV MTRLG EKLSD EEVDE
MIRAA DTDGD GQVNY EEFVR VLVSK
Both CaM and CALM3 were expressed in E. coli BL21(DE3) pLysS cells (Novagen) at
37˚ and purified on an ACTA FPLC system (Amersham Biosystems) over a Ni-NTA
column (Qiagen) in the case of CALM3, and twice over a phenyl sepharose HiTrap
column in the case of CaM. The purity of the proteins was assessed by SDS-PAGE,
MALDI and ESI-MS.
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Cysteine alkylation of CALM3: 3 mL of a buffered (50 mM HEPES, pH 7.0, 100 mM
NaCl) solution of CALM3 (100 µM) was first diluted with a NH4HCO3 buffer (15 mL,
100 mM, pH = 8.4). Then, an aliquot of an aqueous TCEP solution (0.12 mL, 4.2 mM)
was added to the above solution and stirred for 1 hour at room temperature, which was
followed by addition of an aliquot of 4-bromomethyl benzonitrile DMF solution (0.25
mL, 2.5 mM). The reaction mixture was then stirred overnight at room temperature.
Reaction progress was monitored by LC-MS. The small-molecule reagents were removed
using a desalting column 10DG (BioRad). The solution obtained was then dialyzed twice
into 50 mM HEPES buffer (pH 7.4) using a 10 kD dialysis cassette (Thermo Scientific).
FTIR Measurements
FTIR spectra were collected on a Nicolet Magna-IR 860 spectrometer using 1 cm-1
resolution and a CaF2 sample cell that was divided into two compartments with a Teflon
spacer (52 µm). For all reported spectra, a background was subtracted.
4.3 Results and Discussion
We tested the feasibility of the proposed method on four cyanobenzyl derivatives (Figure
4.1), based on the consideration that the oscillator strength and stark tuning rate of
aromatic nitriles are normally larger than those of alkyl nitriles.[93,94] As shown (Figure
4.1), these model probes can be quite easily attached to the cysteine sidechain via either
thiol alkylation or arylation.[118-120] Similar to that of PheCN,[93] the CN stretching
frequency of these nitrile derivatives in water is found to be in the range of 2233 - 2241
cm-1 (Table 4.1 and Figure 4.4). Since any interactions that decrease/increase the electron
density of the CN bond will result in an increase/decrease in the CN stretching
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vibrational frequency of nitriles,[121] these results can be understood qualitatively in the
context of the effect of an activating substituent on the cyanobenzyl ring (i.e., sulfur
versus methylene and para versus ortho position with respect to the nitrile group).
Furthermore, in comparison with those obtained in water, the CN stretching bands of
these probes in tetrahydrofuran (THF) show a 7-8 cm-1 shift toward lower frequency and
also a concomitant decrease in the bandwidth by approximately a factor of two (Table
4.1), demonstrating the potential utility of these aromatic nitriles as local environmental
probes.
Moreover, it is interesting to note that in aqueous solution the CN stretching bandwidths
of 2 and 4 are noticeably larger than those of 1 and 3. This finding is consistent with the
study of Waegele et al.,[122] which showed that the CN stretching vibration of an
aromatic nitrile can be influenced by direct interactions between the nitrile group and
solvent molecules and also indirectly by solvation status of the aromatic ring. In other
words, the larger bandwidth of 2 and 4 arises most likely from their asymmetric
molecular shape (with respect to the nitrile group), which leads to a more heterogeneous
solvation of the respective aromatic ring and hence a broader vibrational transition.
Considering the fact that the synthesis of 1 and 2 involves much milder conditions than
those used in the synthesis of 3 and 4 and that the extinction coefficient of the CN
stretching vibration of 1 and 3 is about an order of magnitude larger than that of 2 and 4
(Figure 4.4), only probe 1 is used in the subsequent proof-of-principle tests involving
peptides and proteins.
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First, the method of cysteine alkylation is applied to two cysteine mutants of mastoparanX (MpX), W3C and A8C. These mutants are chosen because upon association with
calmodulin (CaM) the sidechains of Trp3 and Ala8 of MpX are known to situate inside
the peptide-protein binding groove and, as a result, become less solvent-exposed.[123] It
is found that both peptides are efficiently labeled by p-cyanobenzyl bromide with a >80%
yield (determined by LC-MS) under the conditions specified in Figure 4.1 (the
corresponding nitrile-containing peptides are referred to hereafter as W3C-CN and A8CCN). The FTIR spectra of W3C-CN (Figure 4.2) and A8C-CN (Figure 4.5) also support
the site-specific incorporation of probe 1 into these peptides, as their CN stretching
bands in aqueous solution are centered at about 2236.5 cm-1 but shift to lower
wavenumbers upon binding to CaM, as expected. Second, the applicability of the
cysteine alkylation reaction to proteins is tested by applying it to human calmodulin-like
protein CALM3, which contains a unique cysteine residue. As shown (Figure 4.3), the IR
spectrum of the reaction product confirms the successful incorporation of probe 1 into the
protein of interest and the corresponding yield was estimated to be >50%.
4.4 Conclusion
In summary, we have demonstrated a post-translational method allowing site-specific
incorporation of nitrile-based IR probes into peptides and proteins via cysteine alkylation
or arylation. Because this method involves relatively routine and mild reaction
conditions, we expect that it will find wide application in biophysical studies of proteins.
Acknowledgement
We thank the NIH (GM-065978) and the NSF (DMR05-20020) for funding.
35

4.5 Original Publication
This Chapter has been reprinted from Biochemistry, Hyunil Jo*, Robert M. Culik*, Ivan
V. Korendovych, William F. DeGrado and Feng Gai, (2010) 49, 10354-10356. DOI:
10.1021/bi101711a (* equal contributions), with permission from the American Chemical
Society.

36

Probe
(cm-1, H2O)
(cm-1, H2O)
(cm-1, THF)
(cm-1, THF)

1
2236.6
11.8
2228.5
7.4

2
2240.3
14.4
2232.3
7.8

3
2233.7
11.2
2226.8
6.1

4
2237.9
16.4
2229.6
7.1

Table 4.1: Band position (n) and full width at half maximum (Dn) of the CN stretching
vibration of various probes in H2O and THF.
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Figure 4.1: Overview of synthetic routes converting cysteine to vibrational probes of
interest.
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Figure 4.2: The CN stretching bands of W3C-CN obtained in the presence (open circles)
and absence (open triangles) of CaM (50 mM HEPES buffer, pH 7.4, 30 mM CaCl2). For
the latter case, the concentrations of W3C-CN and CaM were estimated to be 1-2 mM.
Lines are respective fits of these data to a Lorentzian function with the following
parameters: for W3C-CN 𝜈 = 2236.5 cm-1 and Δ𝜈 = 10.7 cm-1, for W3C-CN/CaM 𝜈 =
2231.2 cm-1 and Δ𝜈 = 11.7 cm-1.
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Figure 4.3: The CN stretching band of the nitrile-labeled human calmodulin-like protein
(approximately 1-2 mM in 150 mM HEPES buffer, pH 7.4). The peak position of this
band is consistent with the fact that the labeled cysteine residue is exposed to solvent.
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Figure 4.4: The C≡N stretching bands of the four cysteine derivatives, as indicated,
obtained in water (open triangles) and THF (open circles). Lines are respective fits of
these data to a Lorentzian function and the fitting parameters are given in Table 1. The
sample concentrations were in the range of 5-10 mM, estimated by weight.
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Figure 4.5: The C≡N stretching bands of A8C-CN obtained in the absence (open
triangles) and presence (open circles) of CaM (50 mM HEPES buffer, pH 7.4, 30 mM
CaCl2). The concentrations of A8C-CN and CaM were estimated to be about 1-2 mM.
Lines are respective fits of these data to a Lorentzian function with the following
parameters: for A8C-CN 𝜈 = 2236.6 cm-1 and Δ𝜈 = 11.7 cm-1, for A8C-CN/CaM 𝜈 =
2230.8 cm-1 and Δ𝜈 = 14.4 cm-1.
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CHAPTER 5
Achieving Secondary Structural Resolution in Kinetic Measurements of Protein
Folding: A Case Study of the Folding Mechanism of Trp-cage
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5.1 Introduction
Protein folding kinetics are often measured by monitoring the change of a single
spectroscopic signal, such as the fluorescence of an intrinsic fluorophore or the
absorbance at a single frequency within an electronic or vibrational band of the protein
backbone. While such an experimental strategy is easy to implement, the use of a single
spectroscopic signal can leave important folding events undetected and overlooked.
Herein, we demonstrate, using the mini-protein Trp-cage as an example, that the
structural resolution of protein folding kinetics can be significantly improved when a
multi-probe and multi-frequency approach is used, thus allowing a more complete
understanding of the folding mechanism.
Trp-cage is a 20-residue mini-protein designed by Andersen and coworkers.[124] Among
the many Trp-cage variants (the name and sequence of the Trp-cage peptides studied here
are listed in Table 5.1), TC5b is the most studied, both experimentally and
computationally. As shown (Figure 5.1), the folded structure of Trp-cage consists of three
secondary structural elements: an α-helix from residues 2-8, a 310-helix consisting of
residues 12-14, and a polyproline region spanning residues 17-19, which together
generate a hydrophobic cage housing the peptide’s sole tryptophan residue. Because of its
small size and fast folding rate, Trp-cage has been an extremely popular model for
computational studies of protein folding dynamics.[125-165] However, experimental
investigations of the folding kinetics and mechanism of Trp-cage remain scarce. Using a
temperature-jump (T-jump) fluorescence technique, Hagen and coworkers[166] showed
that TC5b folds in about 4 μs at room temperature, while an infrared (IR) T-jump study
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by Bunagan et al. indicated that the P12W mutant of TC5b, or Trp2-cage, folds even
faster.[167] In both cases, single-exponential relaxation kinetics were observed,
suggesting that folding proceeds in a two-state manner. On the other hand, equilibrium
unfolding studies provided evidence suggesting the existence of folding intermediates
corresponding to a compact denatured state[168,169] and a partially folded state with
maximal thermal stability of 20 ºC.[170] Moreover, a large number of different folding
pathways have been observed in computer simulations, including, for instance, the
formation of an early intermediate where the hydrophobic core is bisected by the D9-R16
salt-bridge,[171] and the concurrent formation of the α-helix and the hydrophobic
core,[142,150,151] among others.
Generating a conclusive experimental verification of these previous simulation results
poses a great challenge to experimentalists, because the kinetic techniques commonly
used in protein folding studies offer relatively low structural resolution. To overcome this
limitation and to provide new insights into the folding mechanism of Trp-cage, we seek
to use a multi-probe approach to dissect the folding kinetics of individual local structural
elements of the native fold. To this end, we measure T-jump induced conformation
relaxation kinetics[172] at well-chosen frequencies in the amide I′ region of the protein
that report the absorbance changes of the α-helix, the 310-helix, the unfolded structural
ensemble, as well as the Asp sidechain. Separation of the α-helix IR signal from those
arising from other structural motifs is facilitated by using the following Trp-cage
sequence: DA*YA*QWLKDGGPSSGRPPPS (hereafter referred to as
where A* represents

13

13

C-TC10b),

C=O labeled alanine, whose amide I′ frequency is known to red-
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shift by about 40 cm-1 from that of the unlabeled helical amides.[74,75,173] Andersen
and coworkers have shown that this sequence, which is referred to as TC10b in their
study, yields a more stable Trp-cage fold and is therefore a better model for both
experimental and computational studies.[174] In addition, we employ several wellchosen mutations and φ-value analysis[26] in order to determine the structural elements
formed in the folding transition state.
5.2 Experimental Section
The Trp-cage peptides were synthesized on a PS3 automated peptide synthesizer (Protein
Technologies, MA) using Fmoc-protocols, purified by reverse-phase chromatography,
and identified by matrix assisted laser desorption ionization mass spectroscopy.
Trifluoroacetic acid (TFA) removal and H-D exchange were achieved by multiple rounds
of lyophilization.
CD spectra and thermal melting curves were obtained on an Aviv 62A DS
spectropolarimeter (Aviv Associates, NJ) with a 1 mm sample holder. The peptide
concentration was in the range of 30-50 µM in 50 mM phosphate D2O buffer solution
(pH* 7).
Fourier transform infrared (FTIR) spectra were collected on a Magna-IR 860
spectrometer (Nicolet, WI) using a home made, two-compartment CaF2 sample cell of 56
µm.[172] The detail of the T-jump IR setup has been described elsewhere.[172] The only
difference is that in the current study a quantum cascade (QC) mid-IR laser (Daylight
Solutions, CA) was used to probe the T-jump induced conformational relaxation kinetics,
which significantly improved the signal-to-noise ratio of the kinetic data. The peptide
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samples used in the IR measurements were prepared by directly dissolving lyophilized
solids in 50 mM phosphate D2O buffer (pH* 7) and the final peptide concentration was
between 1-2.5 mM.
5.3 Results and Discussion
As shown (Figures 5.5 and 5.6 and Table 5.2), the thermal unfolding properties of the
Trp-cage variants studied here, determined via circular dichroism (CD) spectroscopy, are
in quantitative agreement with those reported in the literature.[167,174] For example, the
thermal melting temperature (i.e., Tm) of

13

C-TC10b is determined to be 55.0 ± 1.0 oC,

comparing well with 56 oC for TC10b reported by Andersen and coworkers.[174]
In comparison with that of TC5b (Figure 5.7), the FTIR difference spectrum of

13

C-

TC10b (Figure 5.2) indicates that the negative spectral feature at ~1615 cm-1 is due to the
13

C-labeled Ala residues, thus uniquely reporting the thermal melting of the α-helical

segment within the protein. The negative peak at ~1646 cm-1 arises from the loss of
unlabeled helical amides. The apparent blue-shift and lower intensity of the unlabeled
helical amide I′ band in the difference spectrum, in comparison with that observed for
unlabeled Trp-cage, is due to spectral overlapping with the amide I′ band of

13

C=Os in

the thermally denatured state.[173] On the other hand, the positive spectral feature arises
from

12

C=Os in the thermally unfolded state of

13

C-TC10b. In addition, the negative

feature at ~1586 cm-1 is due to the absorbance change of the deprotonated Asp sidechain
(i.e., νas(COO-))[70] in response to protein unfolding. Since the salt bridge formed
between the sidechains of D9 and R16 is a key structural determinant of the Trp-cage

47

stability and fold,[175] we believe that this spectral feature provides an excellent IR
marker for probing the global folding/unfolding kinetics of the cage structure.[176]
As shown (Figure 5.3), the T-jump induced conformational relaxation kinetics probed at
both 1580 and 1612 cm-1 can be adequately described by a single-exponential function
and the corresponding rate constants, as indicated (Figure 5.4), are indistinguishable from
each other within the limit of experimental errors. Interestingly, however, when probed at
1664 cm-1, a frequency where both the 310-helix and disordered conformation are known
to absorb,[177] the T-jump induced conformational relaxation kinetics can only be fit by
two exponentials with amplitudes of opposite sign (Figure 5.3). As indicated (Figure 5.4),
the rate constant of the positive (and slower) kinetic phase is also identical, within
experimental uncertainty, to those measured at 1580 and 1612 cm-1. Therefore, we
attribute this kinetic phase to the global folding-unfolding transition of the Trp-cage
structure. Consequently, we assign the fast phase, whose amplitude decreases with time,
to the local unfolding of the 310-helix.
The assignment of the fast kinetic phase observed at 1664 cm-1 to T-jump induced
conformational relaxation of the 310-helix is consistent with several lines of evidence.
First, it has been shown that 310-helices absorb in the 1660 cm-1 region.[177,178] Second,
the full amplitude of this phase decreases with increasing final temperature (for the same
T-jump amplitude) and becomes practically undetectable when the final temperature is
higher than ~20 oC (Figure 5.4). This result is consistent with the work of Asher and
coworkers[170] as well as Day et al.,[164] both of which showed that the unfolding of a
structural element that likely includes the 310-helix occurs at a temperature that is much
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lower than the thermal melting temperature of the cage structure. Third, the relaxation
rate of this kinetic phase is on the order of hundreds of nanoseconds, comparable to that
observed for short α-helices.[173,179-182] Fourth, many molecular dynamics simulations
carried out at 300 K[127,132,171,182] fail to reproduce the native 310-helix in the NMR
structure determined at 285 K,[124] which suggests that this structural element is only
stable at low temperatures (<25 oC). Finally, our finding is in accord with the
computational study of Bolhuis and coworkers,[183] which showed that every unfolding
trajectory in their molecular dynamics simulations begins with unfolding of the 310-helix.
Moreover, the T-jump induced relaxation kinetics of both TC5b[166] and Trp2-cage[167]
obtained at 1664 cm-1 also contain this fast kinetic phase (data not shown), indicating that
it is not unique to 13C-TC10b but rather reports the conformational relaxation of the 310helix in each case. What is more interesting, however, is that for TC5b this negative
phase is detectable only at final temperatures below ~12 oC, whereas for Trp2-cage the
temperature range within which this phase is detectable is similar to that of

13

C-TC10b.

Since the Tm of Trp2-cage is almost identical to that of 13C-TC10b, but is approximately
15 oC higher than that of TC5b,[167] these results suggest that while the 310-helix can
fold/unfold independently, its stability is to some extent affected by the stability of the
cage. Similar to the observation that a nearby structural constraint can stabilize the helical
structure of very short peptides,[184] the above correlation most likely reflects the
constraining effect of the cage on the 310-helix.
The fact that the relaxation rates obtained at 1580 cm-1 and 1612 cm-1 are identical
indicate that the α-helix and the cage are formed at the same rate (Figure 5.4). However,
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these results alone are insufficient to establish whether the D9-R16 salt bridge is formed
early, as suggested by many molecular dynamics simulations,[135,148,150,152,171,182]
or on the downhill side of the major folding free energy barrier. To provide additional
insights into the folding transition state of Trp-cage, we further conducted φ-value
analysis.
Since the stability of the 310-helix is sufficiently low compared to that of the cage
structure, the folding rates of the cage are obtained by analyzing the corresponding
relaxation rates and CD thermal melting curves using a two-state model.[184] We first
compare the folding rates of TC10b and its mutant R16K. As shown (Table 5.2 and
Figure 5.8), while this mutation decreases the thermal melting temperature of the cage by
more than 9 oC, the folding rate of the resultant peptide (i.e., TC10b-R16K) at 25 oC is
(1.9 ± 0.4 µs)-1, which, in comparison to the folding rate of (1.6 ± 0.3 µs)-1 of the parent
at the same temperature (Figure 5.4), leads to a φ-value of 0.1 ± 0.15. This result
indicates that the D9-R16 salt bridge has not been formed when folding reaches the
transition state. Similarly, we find that the φ-value of the P19A mutant of TC10b is also
essentially 0.0 ± 0.1 at 25 oC (Figure 5.9), indicating that the folding transition state of
Trp-cage is not stabilized by interactions involving P19 and that the hydrophobic cage is
formed at a later stage of the folding process. On the other hand, we find that the cage
folding rate of TC5b at 25 oC is (3.7 ± 0.3 µs)-1 (Figure 5.10). This leads to a φ-value of
1.16 ± 0.15, indicating that the α-helix is fully formed in the transition state. Thus taken
together, our φ-value results depict a Trp-cage folding mechanism wherein the formation
of the α-helix directs folding toward the native state. In other words, those interactions
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that stabilize the cage structure are only fully developed at the native side of the major
folding free energy barrier. This folding mechanism is consistent with several
simulations[142,150,151] and is further supported by the fact that monomeric α-helices
can fold in 1-2 µs.[185,186]
5.4 Conclusion
In summary, we demonstrate that much improved structural resolution can be achieved in
protein folding kinetics studies using IR T-jump spectroscopy. This method combines
several strategies: (a) using isotopically labelled amide groups to assess the
conformational relaxation kinetics of a specific secondary structural element, (b) using
sidechain absorption to probe the relaxation kinetics of a specific long-range tertiary
interaction, and (c) scanning the probing frequencies across the amide I′ band of the
protein backbone to reveal relaxation events that occur with different rates. For Trp-cage,
we find that the 310-helix unfolds at a temperature much lower than the global unfolding
temperature of the cage structure, which is similar to the notion that protein folding
occurs via step-wise assembly of structural foldons.[187] Using φ-value analysis, we
further show that only the α-helix is formed in the folding transition state, which is in
disagreement with most previous simulation studies.
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Figure 5.1: Structure of the Trp-cage (PDB code: 1L2Y), showing the α-helix (red), the
310-helix (blue), the polyproline region (green), and the sole tryptophan (orange).
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Figure 5.2: A representative FTIR difference spectrum of 13C-TC10b between 65.0 oC
and 25.0 oC.
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Figure 5.3: Representative T-jump induced conformational relaxation traces of

13

C-

TC10b in response to a T-jump from 5 to 10 ˚C, probed at different frequencies as
indicated. The smooth lines are the corresponding fits of these data to either a singleexponential (for 1580 cm-1 and 1612 cm-1) or a double-exponential function (for 1664
cm-1) and the resulting rate constants are given in Figure 4. For easy comparison, these
data have been offset.
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Figure 5.4: Conformational relaxation rate constants (solid symbols) of

13

C-TC10b

obtained with a probing frequency of 1580 cm-1 (red), 1612 cm-1 (green), and 1664 cm-1
(blue), respectively. The blue open triangles represent the relaxation rates of the fast
kinetic phase observed at 1664 cm-1. The black open symbols represent the global folding
(circle) and unfolding (square) rates of the protein.
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Name

Sequence

TC5b

NLYIQWLKDGGPSSGRPPPS

TC10b

DAYAQWLKDGGPSSGRPPPS

C-TC10b

DA*YA*QWLKDGGPSSGRPPPS

13

TC10b-R16K

DAYAQWLKDGGPSSGKPPPS

TC10b-P19A

DAYAQWLKDGGPSSGRPPAS

Trp2-cage

NLYIQWLKDGGWSSGRPPPS

Table 5.1: Name and sequence of the Trp-cage variants studied or discussed. A*
represents 13C=O labeled alanine.

57

[] (103 deg cm2 dmol-1)

30

20

TC5b

10

TC10b-P19A

13

C-TC10b

TC10b-R16K

0

-10

-20
195

205

215

225

235

245

Wavelength (nm)

Figure 5.5: Far-UV CD spectra of the Trp-cage peptides studied, as indicated. These data
were collected at 1.0 ºC.
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Figure 5.6: CD thermal melting curves (open circles) of the Trp-cage peptides studied, as
indicated. Smooth lines represent the best fits of these data to a two-state model. For
TC10b and its mutants, the slopes of the folded and unfolded CD baselines were treated
as global fitting parameters. The resultant unfolding thermodynamic parameters are given
in Table S2.
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TC5b

13C-TC10b

TC10b-R16K

TC10b-P19A

ΔHm (kcal mol-1)

13.5

13.9

11.4

6.0

ΔSm (cal K-1 mol-1)

42.7

42.2

35.8

21.0

ΔCp (cal K-1 mol-1)

23.3

42.1

36.0

42.0

Tm (oC)

43.2

55.0

45.8

11.0

Table 5.2: Unfolding thermodynamic parameters of the Trp-cage peptides.
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Figure 5.7: Difference FTIR spectra of TC5b in the amide I′ region, which were
generated by subtracting the FTIR spectrum obtained at 4.0 oC from those measured at
higher temperatures (the highest temperature was 82.2 oC).
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Figure 5.8: Temperature dependence of the slow relaxation rate (black), folding rate
(blue), and unfolding rate (red) of TC10b-R16K. The probing frequency was 1664 cm-1.
The folding time at 25 oC was determined to be 1.9 ± 0.4 µs, which yields a φ-value of
0.1 ± 0.15 compared to that of TC10B.
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Figure 5.9: Temperature dependence of the slow relaxation rate (black), folding rate
(blue), and unfolding rate (red) of TC10b-P19A. The probing frequency was 1664 cm-1.
The folding time at 25 oC was determined to be 1.6 ± 0.4 µs, which, in comparison to that
of TC10B, gives rise to a φ-value of 0.0 ± 0.1.
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Figure 5.10: Temperature dependence of the slow relaxation rate (black), folding rate
(blue), and unfolding rate (red) of TC5b. The probing frequency was 1630 cm-1. The
folding time at 25 oC was determined to be 3.7 ± 0.3 µs, which gives rise to a φ-value of
1.16 ± 0.15 compared to that of TC10b.
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CHAPTER 6
Using Thioamides to Site-Specifically Interrogate the Dynamics of Hydrogen Bond
Formation in β-Sheet Folding
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6.1 Introduction
Folded (globular) proteins are characterized by two important structural features: a
hydrophobic core consisting of well packed sidechains and an intricate network of
backbone-backbone hydrogen bonds (hereafter referred to as BB-HBs). The latter
exclusively determines the secondary structure content of the protein. Thus, in order to
provide a comprehensive understanding of how a protein folds, one needs to determine
the order and kinetics of its sidechain packing, as well as the temporal sequence of its
BB-HB formation. Because site-directed mutagenesis is relatively easy and
straightforward, almost all previous protein folding kinetic studies have relied on φ-value
analysis[188] through sidechain perturbation to infer the underlying folding mechanism.
In comparison, perturbing the energetics of an individual BB-HB is more difficult and, as
a result, only a few experimental studies[189-193] have been performed, for example,
using the technique of amide-to-ester (hereafter referred to as A-to-D) mutation to
directly assess the role of BB-HB formation in the folding dynamics of proteins. Since
esters are sterically different from amides and replacement of an amide with an ester
completely eliminates a BB-HB, an A-to-D mutation could affect molecular packing and
thus complicate interpretation of the experimental findings. Herein, we demonstrate an
alternative approach, which only reduces the strength of the targeted BB-HBs, for
mechanistic studies of protein folding.
Among the existing methods[189-193] for BB-HB mutations, replacing a backbone
amide unit with a thioamide represents a distinctly advantageous approach to modulate
the strength of targeted BB-HBs because thioamides are not only weaker hydrogen-bond
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acceptors but also sterically very similar to their oxoamide counterparts.[194] Previous
studies[195,196] suggested that an oxoamide-to-thioamide (hereafter referred to as O-toT) mutation would decrease the protein’s stability by about 1.6 kcal/mol, a value that is
appropriate for φ-value analysis.[197] Furthermore, advances in synthetic chemistry have
made it relatively easy to synthesize thioamide amino acids, especially those containing
aliphatic sidechains,[198-200] making O-to-T mutational studies of protein folding more
practical.[196]
The applicability of thioamides in the conformational study of helical proteins has
recently been established.[196,197,201] Using β-hairpins as an example, herein we
extend the utility of O-to-T mutations to interrogate the dynamic role of BB-HB
formation in β-sheet protein folding. While there are a large number of experimental
studies on the folding mechanism of β-hairpins,[202-208] a direct assessment of
interstrand hydrogen bond formation in the folding transition state of β-hairpins has, to
the best of our knowledge, never been done before. Specifically, we chose to study a
variant of well-studied β-hairpins, tryptophan zippers (Trpzips), due to the large body of
experimental and computational research[209-230] on their folding thermodynamics,
kinetics, and mechanisms. As shown (Figure 6.1), this Trpzip variant (Trpzip-2c
following Keiderling and coworkers,[224] sequence: NH2-AWAWENGKWAWACONH2) folds into an antiparallel β-sheet structure that is stabilized by several
interactions, including six BB-HBs, among which three are perturbed in the current study
by individually substituting Ala1, Ala10, and Glu5 with their thioamide derivatives, i.e.,
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thioalanine (TA) and thioglutamate (TE), and the corresponding mutants are hereafter
referred to as A1/TA, A10/TA, and E5/TE, respectively.

6.2 Experimental Section
Synthesis of Thioamide Amino Acids
Fmoc-Ala-diamino-nitrobenzene

((S)-(9H-fluoren-9-yl)methyl

(1-((2-amino-5-

nitrophenyl)amino)-1-oxopropan-2-yl)carbamate)
This compound was prepared from Fmoc-Alanine-OH and diaminonitrobenzene using
HCTU/DIEA following the method of Dawson and coworkers. Specifically, a mixture of
diisopropylethylamine (11.45 mL, 66 mmol) and diaminonitrobenzene (5.06 g, 33 mmol)
was added to a DMF (100 mL) solution of Fmoc-Alanine-OH (10.0 g, 33 mmol) and
HCTU (12.5 g, 88.7 mmol) at room temperature. After 1.5 h stirring, this reaction
mixture was poured into a saturated KCl solution (250 mL). After addition of Et2O (200
mL) to the mixture, the precipitated product was filtered and washed with water and
Et2O. The yellow solid (12.6 g, 83%) obtained after drying the precipitate under vacuum
was used for the next step of synthesis without further purification.
Fmoc-thiocarbonyl-Ala-nitrobenzotriazole ((S)-(9H-fluoren-9-yl)methyl (1-(6-nitro-1Hbenzo[d][1,2,3]triazol-1-yl)-1-thioxopropan-2-yl)carbamate)
This compound was prepared from the crude Fmoc-Ala-diamino-nitrobenzene following
existing procedures. Briefly, anhydrous Na2CO3 (0.935 g, 8.8 mmol) was added to a
suspension of P2S5 (3.92 g, 8.8 mmol) in anhydrous THF (200mL) and the resulting
mixture was stirred at room temperature until a clear solution was obtained. The solution
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was cooled to 0 oC, and then the Fmoc-Ala-diamino-nitrobenzene (6.0 g, 13.45 mmol)
obtained from the previous step was added to it. The mixture was stirred for 2 h and
filtered. The filtrate was concentrated under reduced pressure and the residue was
dissolved in ethyl acetate and washed with 5% NaHCO3. After drying over Na2SO4, the
crude mixture was concentrated again under reduced pressure to yield the orange, oil-like
product (3.4 g, 55%), which was subsequently dissolved in 95% AcOH (10 mL) and
cooled down to 0 oC. NaNO2 (760 mg, 11 mmol) was then added portionwise and stirred
at 0 oC for 1.5 h. Precipitation of the product was accomplished by addition of ice-cooled
water (60 mL) to the above mixture; the precipitate was then filtered and washed with
ice-water. The crude product was further dried by lyophilization under protection from
light to yield a yellow-orange solid (1.37 g, 60%).
Fmoc-thiocarbonyl-Glu-nitrobenzotriazole was prepared similar to Fmoc-Glu(OtBu)-OH
except that the final product was isolated by extraction with dichloromethane instead of
precipitation.
The Trpzip-2c peptides were synthesized on a PS3 automated peptide synthesizer
(Protein Technologies, MA) using Fmoc-protocols, except for incorporation of Fmocthioalanine-nitrobenzotriazole or Fmoc-thioglutamate-nitrobenzotriazole, which was
added manually (0.4 mmol scale) to the deprotected, resin-bound peptide chain in 4 ml of
dimethylformamide and coupled for 45 minutes. Thioamide peptides were cleaved in a
modified cocktail of trifluoroacetic acid, water, and triisopropylsilane (14:5:1, v/v).
Peptide products were further purified by reverse-phase chromatography, and identified
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by matrix assisted laser desorption ionization mass spectroscopy. Trifluoroacetic acid
(TFA) removal and H-D exchange were achieved by multiple rounds of lyophilization.
All peptide samples were prepared in 20 mM phosphate buffer solution (pH 7) and the
peptide concentrations were in the range of 30-100 µM for CD and 1-2 mM for IR
measurements. The details of all spectroscopic measurements, including the T-jump IR
setup, have been described elsewhere.[172]
Global Fitting of the CD Thermal Unfolding Curves to a Two-State Model
Because of their decreased stabilities, the CD unfolding curves of the Trpzip-2c mutants
lack well defined folded baselines. Thus, to better estimate their unfolding
thermodynamics, we globally fit the CD denaturation curves of the wild type Trpzip-2c
and mutants to the following two-state model:

[ ](i, T ) 

[ ]F (i, T )  K eq (i, T )  [ ]U (i, T )
1  K eq (i, T )

(6.1)

where [Ɵ](i, T) is the temperature-dependent mean residue ellipticity for peptide i, and
[Ɵ]F(i, T) and [Ɵ]U(i, T) are the corresponding folded and unfolded baselines,
respectively. In the current study, both [Ɵ]F(i, T) and [Ɵ]U(i, T) were assumed to be
linearly dependent on temperature:

[ ]F (i, T )  m  n  T

(6.2)

[ ]U (i, T )  p(i)  q  T

(6.3)
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where m, n, and q are constants and were treated as global fitting parameters, whereas
p(i) was peptide dependent and treated as a local fitting parameter. In this model, we
assume that the folded baseline offset is the same for all peptides. This implies that the
final folded state of each Trpzip variant is similar enough that CD measurements would
give the same signal readout for each variant under ~100% folded conditions. Based on
the excitonic coupling argument in our paper, we propose that thioamide mutation does
not significantly perturb the final native structure of the Trpzip peptides, and thus we
believe that this is a reasonable assumption. In eq. (6.1), Keq(i, T) is the folding
equilibrium constant of peptide i, which is determined by the free energy change (ΔG)
between the unfolded and folded states, namely,

K eq (i, T )  exp( G(i, T ) / RT )

(6.4)

with

G(i, T )  H R (i)  C p  (T  TR )  T  [S R (i)  C p  ln(T / TR )]

(6.5)

where ΔHR(i) and ΔSR(i) are the enthalpy and entropy changes for peptide i at the
reference temperature TR, which was set to 298.15 K in the current study. In addition, we
have assumed that the heat capacity change of the folding transition, ΔCp, is temperature
and peptide independent.
6.3 Results and Discussion
The thioamide amino acids were synthesized using established methods described in
detail above. As shown (Figure 6.4), at 1.0 oC both the wild type and thioamide mutants
of Trpzip-2c show the characteristic far-UV CD spectrum of Trpzips,[209] with a
distinctive positive band centered at 227 nm that arises from the excitonic coupling
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between the Bb transitions of tryptophan residues.[231] In comparison to that of the wild
type, however, the mean residue molar ellipticities of the mutants at 227 nm are lower,
indicating that the O-to-T mutation in all cases decreases the β-hairpin stability, as
expected. Moreover, because the underlying excitonic coupling is sensitive to both the
distance and orientation of the tryptophan residues in the folded state, the fact that the
227 nm band only changes its intensity upon O-to-T mutations suggests that thioamide
incorporation does not significantly perturb the β-hairpin structure. Following our
previous studies,[232,233] we further quantify the unfolding thermodynamics of these
Trpzip-2c peptides by globally fitting all the CD thermal melting curves obtained at 227
nm to a two-state model[224] (see the Experimental Section above for details), wherein
the folded CD baselines and ΔCp for unfolding of the mutants are assumed to be the same
as those of the wild type. Because the CD thermal unfolding curves of the thioamide
mutants lack folded baselines, such a stringent global fitting constraint is necessary to
enable us to best estimate the folding/unfolding thermodynamics of the mutants. As
indicated (Figure 6.2 and Table 6.2), the thermal melting temperature (Tm) of the wildtype Trpzip-2c is quantitatively consistent with that reported by Keiderling and
coworkers,[224] whereas those of the thioamide mutants show different degrees of
decrease, depending on the position of the BB-HB that is perturbed. It is clear that the
energetic destabilization arising from thioamide mutation is greatly reduced when a BBHB close to the terminal region is perturbed, consistent with several previous studies
indicating that the ends of β-hairpins are frayed.[227,234,235]
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To determine how these O-to-T mutations change the folding and unfolding rates of the
β-hairpin, we further measured the relaxation rates of these peptides in response to a
laser-induced temperature-jump (T-jump)[236] using time-resolved infrared (IR)
spectroscopy.[237]50 As shown (Figure 6.5), the relaxation kinetics of these peptides can
be well described by a single-exponential function, consistent with previous studies.[238240] As shown (Figure 6.3), the folding rate constant of wild type Trpzip-2c, determined
from the corresponding relaxation rate constant (kR) and folding thermodynamics, shows
a modest dependence on temperature in the temperature range of the experiment.
Specifically, the folding rate constant at 25.0 ˚C is determined to be (3.2 ± 0.7 µs)-1,
comparable to the (2.5 µs)-1 measured for Trpzip2.[238] Since Trpzip2 and Trpzip-2c
share the same turn sequence, this result alone provides additional evidence supporting
our previous conclusion that the turn sequence plays a key role in determining the folding
rate of β-hairpins.[239-241]
As indicated (Figure 6.3 and Table 6.1), the folding rates of A1/TA and A10/TA are
almost identical within experimental uncertainty to that of the wild type. In contrast, their
unfolding rates at any given temperature are significantly faster than that of the wild type.
Taken together, these results indicate that the reduced stability of these mutants arises
almost exclusively from a smaller unfolding free energy barrier. In other words, the
corresponding native interstrand hydrogen bonds perturbed by the O-to-T mutation are
formed at the downhill side of the folding free energy barrier.
More interestingly, the E5/TE mutant, which is designed to decrease the strength of the
first BB-HB next to the turn region of the peptide, has a more dramatic effect on both the

73

relaxation and folding rates of the β-hairpin (Figure 6.3 and Figure 6.5). For example
(Table 6.1), at 25 ˚C its relaxation rate constant is decreased to about (17.5 µs)-1,
compared to (3.0 µs)-1 for the wild type, whereas its folding rate is slowed down by
nearly a factor of 32. While this mutation also affects the unfolding rate of the β-hairpin,
it leads to an increase in the unfolding rate constant only by a factor of approximately 4.
Thus, these results together provide strong evidence indicating that the BB-HB
immediately next to the turn region stabilizes both the folding transition state and the
native state. While such a folding mechanism has been observed in simulations,[220] the
current study provides direct experimental insights into the mechanistic detail of BB-HB
formation in β-hairpin folding. The comparatively smaller but significant increase in the
unfolding rate further suggests that either this BB-HB is not entirely native-like in the
transition state ensemble or the corresponding thioamide mutation induces a local
distortion to the transition state conformation.
Thus, taken together our findings demonstrate that the O-to-T mutation method is a
useful technique for site-specifically probing the dynamics of hydrogen bonding
formation and indicate that for β-hairpins the BB-HBs located beyond the turn region
stabilize the folded state only by increasing the unfolding free energy barrier. In other
words, they are formed not in but after the folding transition state. On the other hand, the
BB-HB directly next to the β-turn is formed in the transition state, potentially acting as a
staple to hold the turn region together for further propagation of folding down the two
strands. This mechanistic picture is entirely consistent with our previous notion that for
β-hairpin folding the turn formation is the rate limiting step and that the native
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hydrophobic cluster is only formed at the downhill side of the major folding free energy
barrier, when folding begins from thermally denatured states.[239,240,242] It is worth
pointing out, however, that the O-to-T mutation strategy described here is insensitive to
probing alternative folding pathways that, for example, involve an initial collapsing step
arising from sidechain-sidechain interactions.
6.4 Conclusion
We demonstrate that thioamide mutation provides a site-specific means to interrogate the
role of backbone-backbone hydrogen bonds in protein folding dynamics. Application of
this method to a model β-hairpin allows us to pinpoint which hydrogen bond is formed in
the folding transition state, yielding a conclusion fully supported by several previous
studies.[220,239-241] We believe that this method is a useful addition to the existing
experimental toolkit used in protein folding studies and will find many important
applications.
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Figure 6.1: A cartoon representation of the β-hairpin structure of Trpzip-2c with the BBHBs shown (dotted lines). BB-HBs that are perturbed using O-to-T mutation are shown
in blue.
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Figure 6.2: CD thermal melting curves of the Trpzip-2c peptides, as indicated. Smooth
lines are global fits of these data to a two-state model discussed in the text.
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Figure 6.3: Arrhenius plot of the relaxation (black), folding (blue), and unfolding (red)
rate constants of Trpzip-2c and mutants.
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Peptide

R (s)

f (s)

u (s)

Trpzip-2c

3.0 ± 0.7

3.2 ± 0.7

79.4 ± 18

A10/TA

0.8± 0.2

3.8 ± 0.5

1.0 ± 0.5

A1/TA

1.3 ± 0.2

3.0 ± 0.6

2.4 ± 0.6

E5/TE

17.5 ± 2.5

100.6 ± 14

21.2 ± 3.0

Table 6.1: Relaxation, Folding, and Unfolding Times at 25 ˚C.
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Peptide

HR
(kcal mol-1)

SR
(cal mol-1 K-1)

CP
(cal mol-1 K-1)

Tm
(oC)

Trpzip-2c
A10/TA
A1/TA
E5/TE

13.9
5.9
9.6
5.3

40.2
22.4
32.7
20.8

52.7
52.7
52.7
52.7

68.4
-20
21.0
-37

Table 6.2: Unfolding thermodynamic parameters obtained from the aforementioned
global fitting for each peptide (TR = 25 oC).
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Figure 6.4: Far-UV CD spectra of the Trpzip-2c peptides at 1 oC, as indicated.
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Figure 6.5: A representative T-jump induced relaxation trace of Trpzip-2c in response to
a temperature change from 16.2 to 20.7 oC monitored at 1630 cm-1. Shown in the inset
are the conformational relaxation kinetics of E5/TE in response to a T-jump, from 12.6 to
20.4 oC. The smooth lines in red are single-exponential fits of these data, and the resultant
rate constants are reported in Figure 3. It is apparent that at the same final temperature,
the conformational relaxation of the mutant occurs much slower than that of the wild
type.
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CHAPTER 7
Using D-Amino Acids to Delineate the Mechanism of Protein Folding: Application to
Trp-Cage
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7.1 Introduction
Loops and turns in proteins not only ensure connectivity of the polypeptide chain, but
they also, in many cases, play an important role in directing the process of folding. A
survey of the available protein structures in the Protein Data Bank (PDB) indicated that
the most frequently found amino acids in loops are glycine (Gly), serine (Ser), aspartate
(Asp), asparagine (Asn), and proline (Pro).[243] In particular, Gly is frequently found to
be at the C-terminus of α-helices in proteins, serving as a secondary structure breaker and
directing the main chain in a new direction.

This is due to the fact that Gly can

extensively populate backbone conformations that are normally forbidden for other Lamino acids, as seen in the Ramachandran plot. For the same reason, however, there is a
relatively large conformational entropy penalty associated with restricting a Gly residue
in a small region of phi and psi conformations. Therefore, Gly has recently become a
popular target in protein design to improve the stability of proteins of interest via
mutations that could alleviate this entropy penalty.[244] For example, it has been shown
that Pro, which has low backbone conformational entropy, can in some cases replace Gly
and, as a result, further stabilize the native fold.[245] A different, but perhaps more
elegant and more effective approach, is to replace Gly with various D-amino
acids,[244,246-248] the enantiomeric relative of L-amino acids, which can occupy
conformations on the Ramachandran plot that otherwise only glycine could.

For

example, D-alanine (D-Ala), which has no sidechain rotamer preferences and hence a
smaller entropy penalty upon folding, has been used, in a number of cases, to increase the
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stability of proteins,[246,248] to reconstitute an active and specific ion channel,[247] and
to create novel folds.[249]
In a more recent study,[250] Rodriguez-Granillo et al. have shown that D-Ala, D-Asn,
and D-Gln all show a stabilizing effect, although to a different extent, on the folding free
energy of the mini-protein Trp-cage (Figure 7.1), when replacing the Gly residue at
position 10 (Specifically, the TC5b variant, sequence: NLYIQWLKDGGPSSGRPPPS,
was used). Interestingly, both D-Ala and D-Gln were found to significantly stabilize the
native fold, raising the thermal melting temperature (Tm) of Trp-cage by about 20 oC,
whereas D-Asn only increased the Tm by about 10 ºC. This observation was interpreted
as due to a combination of effects, including the difference in sidechain-backbone
hydrogen-bonding interaction ability and conformational entropy of these D-amino acids.
The hydrogen bonding ability of the D-Gln sidechain was found to be greater than that of
D-Asn, while the sidechain conformational entropy penalties for both D-Gln and D-Asn
are larger than for D-Ala. While this study demonstrated the effectiveness, especially
when placed at the C-terminus of α-helices, of several D-amino acids to alleviate the
intrinsic conformational limitations of naturally occurring L-amino acids, and offered a
thermodynamic rationalization of the stabilizing effect of these D-amino acids on the
Trp-cage fold, it was unable to yield a mechanistic and dynamic view of how this is
achieved, i.e., through an increase in the folding rate, a decrease in the unfolding rate, or
even a change in the folding mechanism. Herein, we use a laser-induced temperaturejump (T-jump) infrared (IR) technique to study the conformational dynamics of several
previously characterized D-amino acid mutants of TC5b, including 5b-G10DA, 5b-
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G10DN, and 5b-G10DQ, aiming to elucidate the kinetic role of these D-amino acids. In
addition, Culik et al. have recently put forward a folding mechanism for Trp-cage, based
on extensive spectroscopic studies and amino acid mutations,[237] in which the transition
state of the main folding event, i.e., the formation of the cage structure, involves the
consolidation of the α-helix, from amino acids 2-9. Since the abovementioned D-amino
acids are expected to provide further stabilization to the α-helix,[246,248] studying the
folding kinetics of these D-amino acid mutants will help improve our understanding of
the folding mechanism of this extremely popular protein folding model.[124-131,133135,137-141,143-150,152-158,164,166,168,170,171,174,175,183]
7.2 Experimental Section
Peptides were synthesized using standard solid-phase Fmoc methods at the Tufts
University Core Facility (http://www.tucf.org). All peptides were acetylated at the Nterminus and amidated at the C-terminus. Peptides were purified using reversed-phase
high-performance liquid chromatography (HPLC), and peptide identities were verified
using mass spectrometry. Triflouroacetic acid (TFA) removal and H-D exchange were
achieved by multiple rounds of lyophilization. Fourier transform infrared (FTIR) spectra
were collected on a Magna-IR 860 spectrometer (Nicolet, WI) using a homemade, twocompartment CaF2 sample cell of 56 µm. The details of the T-jump IR setup have been
described elsewhere.[236] For both static and time-resolved IR measurements, the
peptide sample was prepared by directly dissolving lyophilized solids in 20 mM
phosphate D2O buffer (pH* 7) and the final peptide concentration was between 1-2 mM.

87

7.3 Results and Discussion
A number of studies have shown that the short 310-helix in the Trp-cage fold is much less
stable than the global cage structure[164,170,237,] and its folding can proceed
independently and with a faster rate.[237] Therefore, in the following discussion, we
focus only on the effect of the corresponding D-amino acid mutations on the two-state
folding and unfolding kinetics of the cage, which consists of several key structural
elements: an -helix, a polyproline stretch, and a hydrophobic core that encloses a
tryptophan residue (Figure 7.1). In addition, all the thermodynamic parameters used to
analyze the T-jump-induced relaxation kinetics are taken from a previous study[250] and
are summarized in Table 7.1.

5b-10GDQ. As indicated (Table 7.1), substitution of Gly10 in TC5b with D-Gln
significantly improves Trp-cage stability, increasing its Tm from 45.9 to 69.3 ºC. It has
been hypothesized and subsequently computationally verified that this stabilizing effect
of D-Gln arises from, among other factors, its ability to form hydrogen bonds between the
backbone amine of D-Gln and the backbone carbonyl of Leu7, and another between the
backbone carbonyl of D-Gln and the backbone amine of Ser13.

From a kinetic

perspective, however, the higher stability of 5b-10GDQ, compared to that of the wild
type, could result from either a faster folding rate or a slower unfolding rate, or both.
Since the CD spectrum of 5b-10GDQ indicates that it has a higher helical content than the
wild type,[250] it is reasonable, based on the notion that the -helix is populated in the
folding transition state of the cage,[237] to assume that the -helix stabilizing effect of D88

Gln would lower the free energy of the transition state and, as a result, speed up the rate
of folding. As shown (Figure 7.2), however, the folding rate of 5b-10GDQ is, within our
experimental uncertainties, identical to that of the wild type, indicating that the stabilizing
interactions stemming from the D-Gln mutation only start to develop at the downhill side
of the major folding free energy barrier. In other words, these interactions act primarily
to decrease the free energy of the folded state, making the protein unfold slower as a
result of an increased unfolding free energy barrier, as observed (Figure 7.2). This
picture is entirely consistent with earlier studies[126,129,134,135,137,143,164,237] that
indicated that the developments of several key structural elements that involve residues
near this part of the sequence, e.g., the formation of the D9-R16 salt-bridge and the burial
of the Trp6 sidechain, occurs after the folding transition state. Furthermore, this result is
in accord with the observation that stabilizing sidechain-sidechain and/or sidechainbackbone interactions can decrease the unfolding rate of -helices in isolation.[186]

5b-10GDN. Similar to D-Gln, D-Asn was also found to form backbone-backbone
hydrogen bonds with Leu7 and Ser13. However, its stabilizing effect is less pronounced
compared to D-Gln (Table 7.1). For example, the Tm of 5b-10GDN was determined to be
56 oC, only 10 ºC higher than the wild type. This improvement in stability has been
attributed to the difference in backbone hydrogen bonding ability of D-Asn, in
comparison to that of D-Gln,[250] due to the difference in sidechain-backbone
sterics.[245] Despite this thermodynamic difference between D-Gln and D-Asn however,
we expect that these amino acid substitutions would exert similar impacts on the
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folding/unfolding kinetics of the cage because of their structural similarity. Indeed, as
shown (Figure 7.3), substitution of Gly10 with D-Asn does not, within our experimental
uncertainty, change the folding rate of TC5b; instead it decreases the unfolding rate.
Previous studies have shown that the -helix of TC5b in isolation is unfolded.[175]
Thus, folding of this -helix in the absence of other native stabilizing interactions would
place

the

system

at

a

higher

free

energy

position,

as

concluded

previously.[129,137,143,164,237] However, such a free energy ‘penalty’ is warranted
and necessary, as it prepares and ensures the polypeptide chain to rapidly evolve toward
the native state. Since D-Gln and D-Asn are able to act, in the current case, as a Cterminal helix cap, one could have assumed that both would be able to lower the folding
free energy barrier, making the protein fold faster. The fact that this is not the case
suggests that these mutations involve interactions that stabilize not only the -helix,
through capping, but also other parts of the cage structure. This is consistent with
previous MD simulations of these mutants, which found that backbone fluctuations in the
D-amino

acid mutants are reduced, especially from residues 9 to 15.[250] However, these

‘nonlocal’ interactions are expected to be intimately coupled to the structural evolution of
the cage, not the -helix. Thus, the native rotameric state of these D-amino acids in the
corresponding mutants would be expected to be significantly populated only after the
major folding free energy barrier.

5b-10GDA. As shown (Table 7.1), D-Ala is almost as effective as D-Gln in stabilizing the
Trp-cage fold at position 10. One of the factors this has been attributed to is that D-Ala
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has less sidechain conformational entropy than both D-Gln and D-Asn, which highlights
the well-known importance of entropy-enthalpy compensation in protein folding and
design. In light of the above discussion and the fact that D-Ala does not have a sidechain
rotamer preference, one might expect that this mutation would lead to an increase the
folding rate, in addition to a decrease in the unfolding rate. As shown (Figure 7.4),
indeed, while the unfolding rate of 5b-10GDA is significantly slower than TC5b, similar
to that observed for 5b-10GDQ and 5b-10GDN, its folding rate also shows a marginal, but
detectable, increase. These results thus confirm the above hypothesis that, unlike D-Gln
and D-Asn, D-Ala helps to stabilize, although only to a small extent, the folding transition
state or the nascent -helix. A simple calculation indicates that at 30 °C the D-Ala
mutation stabilizes the folding transition state by approximately 0.33 kcal/mol,
suggesting that D-Ala already becomes partially native in the transition state, again owing
to the relatively small number of configurations the residue can sample. Thus, taken
together, the results obtained from these D-amino acids demonstrate their utility in
helping reveal certain fine details of the folding mechanism of proteins of interest.
7.4 Conclusion
Many previous studies have elegantly demonstrated the versatility of D-amino acids in
protein design, in particular to increase the conformational stability of the targeted folds.
However, what is lacking in our current understanding of the effectiveness of specific Damino acids in this regard is their kinetic mechanism of action. Herein, we use the
miniprotein Trp-cage as a model to examine the role of three D-amino acids, i.e., D-Gln,
D-Asn,

and D-Ala in altering the folding/unfolding kinetics of this protein, based on an
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earlier study that showed that these D-amino acids can significantly increase the stability
of Trp-cage, when replacing the Gly residue in the loop region at position 10. Our results
show that these mutations almost exclusively reduce the unfolding rate of the Trp-cage,
although the D-Ala mutation also shows a marginal increase in the folding rate. In light
of the ability of these D-amino acids to stabilize the -helix in this miniprotein via a Ccapping effect, these results indicate that this -helix, while being populated in the
folding transition state as suggested by a previous study, is nucleated at its N-terminus
when passing through the folding free energy barrier.
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Peptide
TC5b
5b-10GDA
5b-10GDQ
5b-10GDN

∆Hm
(kcal mol-1)
12.9
17.1
16.5
15.8

∆Sm
(cal mol-1 K-1)
40.4
50.4
48.2
47.8

∆Cp
(cal mol-1 K-1)
72.1
53.6
63.9
91.6

Tm
(°C)
45.9
66.6
69.3
56.4

f

u

(s)
3.0
1.7
2.5
3.7

(s)
7.6
33.4
44.0
25.5

Table 7.1: Unfolding thermodynamic parameters of TC5b and its D-amino acid mutants,
adapted from ref 250. Also listed are the folding and unfolding times of these peptides at
30 oC.
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Figure 7.1: The NMR structure of Trp-cage (PDB 1L2Y). The glycine residue that was
mutated to various D-amino acids in the current study is highlighted.
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Figure 7.2: Arrhenius plots of the relaxation (black), folding (blue), and unfolding (red)
rate constants of 5b-10GDQ. The dotted lines correspond to the folding (blue) and
unfolding (red) rate constants of the wild type, adapted from ref 237.
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Figure 7.3: Arrhenius plots of the relaxation (black), folding (blue), and unfolding (red)
rate constants of 5b-10GDN. The dotted lines correspond to the folding (blue) and
unfolding (red) rate constants of the wild type, adapted from ref 237.
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Figure 7.4: Arrhenius plots of the relaxation (black), folding (blue), and unfolding (red)
rate constants of 5b-10GDA. The dotted lines correspond to the folding (blue) and
unfolding (red) rate constants of the wild type, adapted from ref 237.
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CHAPTER 8
Experimental Validation of the Role of Trifluoroethanol as a Nano-Crowder
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8.1 Introduction
While there are many ways to experimentally perturb protein stability and/or
dynamics, perhaps one of the most common is through the use of cosolvents. Since the
formation of native protein structure relies on protein-bath interactions, cosolvents can
affect the protein folding pathway by altering the characteristics of the solvent. One
advantage of using cosolvents rather than other methods to modify a system’s
equilibrium state, such as changing the temperature or pressure of the sample, is the ease
with which cosolvents can be incorporated into various investigational methods without
expensive or elaborate changes in the experimental setup. There are several examples of
cosolvents used in protein folding studies, such as the denaturants guanidine
hydrochloride (GdnHCl) and urea, the viscogens glycerol and polyethylene glycol, and
the stabilizers hexafluoroisopropanol (HFIP) and trifluoroethanol (TFE). Of the alcohols
that stabilize protein secondary structure, TFE is one of the most commonly used due to
its high potential for stabilizing structure relative to other alcohols. Although there have
been great efforts to understand how various cosolvents perturb protein conformational
preferences, the mechanisms of action for several denaturants and stabilizers are still in
contention. Herein, we aim to gain insight into the effect of TFE on protein structure and
dynamics.
The stabilizing ability of TFE has been studied extensively both experimentally
and computationally.[253-265] One of the predominant views of TFE’s mechanism of
action is that it more favorably surrounds the protein than water, effectively leading to
desolvation of the protein backbone.[254] This effect is thought to be the result of the
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lower dielectric constant of TFE, which causes it to preferentially cluster around the
protein backbone. However, at low concentrations, this hydrophobic interaction is not
enough to lead to disruption of buried hydrophobic residues. Instead, protein-solvent
hydrogen bonds are replaced with intramolecular hydrogen bonds, to lower the free
energy of the system.[236,260,284,285] Conversely, other studies indicate that rather
than stabilize the folded state, TFE acts to destabilize the random coil state by further
structuring the solvent. This scenario also increases the folded population by effectively
lowering the free energy barrier.[254,286] Despite its stabilizing ability on the secondary
structural level, TFE has also been shown to cause denaturation in larger proteins.
Specifically, the amphiphilic TFE molecule is capable, at larger volume percentages, of
exposing and interacting with hydrophobic sidechains, thereby leading to a decrease in
tertiary structure.[287]
Previously, Dobson et al. performed folding measurements as a function of TFE
percentage. They showed that the folding rates for a set of globular proteins in various
water-TFE solutions follow a chevron-like trend.[259] The interpretation for these results
was that at low TFE percentages, folding rates are increased due to stabilization of native
hydrogen bonding groups, whereas at higher percentages, folding rates are decreased in a
similar manner as is found with denaturants, as determined by a high correlation between
m-values of TFE and GdnHCl.[259] To complicate this interpretation, several studies
have shown that the amphiphilic nature of TFE also results in molecular aggregation at
certain volume percentages.[257,265] Dynamic light scattering and NMR measurements
as well as MD simulations find that TFE clusters together with increasing propensity up
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to 30% v/v, above which it mixes more homogeneously.[256, 257, 265] Taken together,
these findings suggest that TFE could act as a molecular crowder thus increasing folding
rates at certain percentages, similar to previous findings for the stabilizing cosolvent
trimethylamine N-oxide (TMAO). Interestingly, viscosity profiles indicate that the
viscosity of TFE/water mixtures doubles from 0% to 60% TFE.[288] Such a drastic
increase in solvent viscosity could also have notable impacts on the folding rates of
proteins in these solutions.
In order to gain insight into the effect of viscosity and aggregation on protein
folding in TFE/water solutions, we have examined the folding of two intrinsically
disordered peptides (IDPs) in different amounts of TFE. IDPs are ideal candidates for this
study, because they lack appreciable tertiary structure when isolated in buffer,
simplifying our interpretations. Here, we examine the phosphorylated kinase inducible
domain (pKID) peptide [289] and the late embryogenesis abundant (LEA) peptide.[290]
We chose these two systems because both have folded states that are alpha helical,
however pKID is a helix-turn-helix, whereas LEA is a single monomeric helix. Previous
experiments have shown that crowding effects have only a small effect on folding
dynamics of monomeric alpha helices, whereas more extended systems experience more
of a change.[266] Our hypothesis is that if TFE indeed behaves as a molecular crowder,
there will be a TFE-dependent effect on folding dynamics for pKID that will not be seen
in the folding dynamics of LEA. Additionally, previous studies have shown that
relaxation rates obtained from kinetic measurements of peptides in highly viscous
solutions are decreased in a manner consistent with Kramer’s rule.[291, 292] We would
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expect a similar effect if the viscosity of the cosolvent solution changed the dynamics of
the system.
8.2 Experimental Section
Deuterated TFE was purchased from Cambridge Isotope Labs (MA) and stored in a
drybox upon opening. Peptides were synthesized on a PS3 automated peptide synthesizer
(Protein Technologies, MA) using Fmoc-protocols, purified by reverse-phase
chromatography, and identified by matrix assisted laser desorption ionization (MALDI)
mass spectroscopy. Phosphorylated serine was incorporated into pKID via the modified
amino acid Fmoc-Ser(HPO3Bzl)-OH. H-D exchange of IR samples was achieved by
multiple rounds of lyophilization. CD spectra and thermal melting curves were obtained
on an Aviv 62A DS spectropolarimeter (Aviv Associates, NJ) with a 1 mm sample
holder. The peptide concentration was in the range of 50-60 µM in H2O and various
concentrations of TFE (pH 7). Fourier transform infrared (FTIR) spectra were collected
with 1 cm-1 resolution on a Magna-IR 860 spectrometer (Nicolet, WI) using a homemade,
two-compartment CaF2 sample cell of 56 µm. The details of the T-jump IR setup has
been described elsewhere.[236] The peptide samples used in IR measurements were
prepared by directly dissolving lyophilized solids in D2O/deuterated TFE solutions (pH*
7) and the final peptide concentration was between 1-2 mM.
8.3 Results and Discussion
We chose pKID (sequence: DSVTDSQKRREILSRRPS*YRKILNDLSSDAPG-CONH2,
here S* is phosphoserine) as our model system because previous steady state CD
measurements of pKID show that there is a significant increase in helicity of the peptide
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upon addition of TFE up to ~30% v/v.[267] As shown (Figure 8.1A), the secondary
structure of pKID is highly dependent on the concentration of TFE present in the
solution, in qualitative agreement with earlier studies. As the percentage of TFE in the
solution increases, there is a distinct red shift in the absorbance minimum from 200 nm to
208 nm. Additionally, with increasing TFE percentage, a local minimum at 222 nm
appears, indicative of α-helical secondary structure. There is little change in the CD
wavelength spectra beyond 30% TFE, which suggests that there is no further increase in
helical content after this point. CD thermal melting experiments were also performed at
all TFE percentages (Figure 8.1B). While there is negligible change in ellipticity at 222
nm at 0% TFE over the range of measured temperatures, with increasing amounts of TFE
a larger change is observable, and at 15% TFE the transition appears to be cooperative.
As expected, beyond 15% TFE the transition is no longer cooperative, to the extent that
at 50% TFE the melt is essentially linear. This type of uncooperative transition has been
seen in several other studies that have used TFE to induce helical structure.[256] Due to
the lack of baselines in these temperature-dependent measurements, as well as the
changing nature of the melts themselves as a function of TFE percentage, no quantitative
analysis was performed to extract additional information from this data. We do, however,
use the absolute ellipticity at 222 nm as an estimate of the fraction helix formed (Table
8.1). Previous studies of pKID without its binding partner have estimated that the peptide
alone in buffer has marginal folding in its two helices (αA and αB), on the order of 1015%, respectively.[267, 289] At 40% TFE, helical conformations in αA and αB increase
to 30-40%, respectively. Since the peptide ellipticity does not appreciably further
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decrease beyond 30% TFE, we assume that the final helical amounts of αA and αB are
~30-40%. To more accurately determine the fractional helicity of pKID at different
trifluoroethanol percentages, we used the method of Baldwin,[253] which defines the
fractional helicity (fH) as:
(8.1)
where [θ]H is defined as:
(

)

(8.2)

and [θ]C is defined as:
(8.3)
and [θ]222 is the mean residue ellipticity of the protein at 222 nm, [θ]H is the mean residue
ellipticity of a 100% helical peptide at 222 nm, n is the number of residues that could
potentially be in helical conformations, and T is the temperature in Celsius. By applying
this analysis to our CD data for pKID in 0% and 30% TFE, we obtain fractional helicity
values of 16% and 43%, respectively, at 1 °C. These values are in quantitative agreement
with those obtained in previous studies.[267,289]
To understand the effect of TFE on peptide dynamics, we measured
conformational relaxation rates of pKID in various concentrations of TFE using laserinduced temperature jump (T-jump) IR spectroscopy. As shown (Figure 8.2 and Table
8.2), at low TFE percentages there is a small but measurable decrease in relaxation rates
up to 5% TFE, which is no longer observed upon increasing the TFE percentage to 15%.
This small change might be a viscosity effect due to the increased viscosity of the
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solvent. As previously reported,[288] the dynamic viscosity of TFE/water mixtures is
relatively linear from 0% to 40% TFE. From these results, by increasing the solvent
concentration from 0% to 5% TFE, the viscosity changes from 0.89 cP to 1.00 cP. Eaton
et al. showed that the rate of α-helix formation exhibited a η-0.6 indicating that larger
changes in relaxation rates should be seen for lower percentages of TFE.[293] From this
estimate, we would expect only a 1.07 ratio between the rates for 0% TFE and 5% TFE;
however, our data corresponds to a 1.34 ratio. Therefore, we hypothesize that this
decrease might be a microviscosity effect rather than a macroviscosity effect. Previous
NMR experiments of a tetrapeptide in TFE/water solutions provided measurements of the
diffusion of the tetrapeptide versus TFE percentage.[294] Using these results, we can
estimate that microscopic viscosity effects should only increase the relaxation rates of
pKID by a 1.09 ratio when going from a 0% TFE solution to a 5% TFE solution, which
also does not fully explain the decrease observed. This observation might be explained by
the fact that TFE is known to crowd around peptides so that there is a higher local
concentration of TFE in the first hydration layer of the peptide than there is in the bulk
solution. This phenomenon might cause altered viscosities felt by the peptide than these
simple calculations can explain.
After the initial viscosity effect on pKID folding, relaxation rates appear to
increase up to TFE percentages of 15%. These rates then remain stable, within
experimental error, up to 30% TFE. Interestingly, at higher TFE percentages (Figure 8.2
and Table 8.2) there is a distinct decrease in the rate of pKID relaxation – for example,
the relaxation rates of pKID in 50% TFE are slower than those at 30%. From this data

106

alone it is hard to conclude what this decrease in relaxation rate is due to, however it is
well-known that the behavior of TFE varies as a function of concentration in solution.
For example, TFE is known to form aggregates or micelles at concentrations at or around
30% v/v, whereas at higher concentrations this behavior disappears.[257,265] Therefore,
one possibility is that the aggregates formed by TFE could be acting as molecular
crowders, in a manner similar to that recently proposed by Thirumalai and coworkers for
TMAO.[268] If this were the case, then folding rates would increase under crowding
conditions, whereas unfolding rates would remain relatively the same, effectively
increasing relaxation rates. Thus, if this crowding effect of TFE disappears due to higher
TFE percentage (50%), we would expect relaxation rates to be slower. It has previously
been shown that crowding does not affect the folding kinetics of peptides that have local,
nearby structural interactions (i.e. single alpha helices), as diffusive motion over
relatively small length scales will not be hampered by the excluded volumes of other
molecules in solution.[266] In contrast, we assume that the pKID helix-turn-helix is a
large enough system that crowding does affect its folding kinetics. To test our hypothesis
that TFE is indeed acting as a nano-crowder, we performed similar measurements using
the LEA peptide (sequence: AADGAKEKAGEAADGAKEKAGE-CONH2) as a control.
Unlike the folded helix-turn-helix conformation of pKID, the folded state of LEA
is that of a monomeric α-helix. CD measurements of LEA also reveal the sensitivity of
the peptide to trifluoroethanol. While at 0% TFE the CD wavelength spectrum of LEA
has signatures indicative of random coil conformations, at higher TFE percentages there
is an increase in helical content up to ~40% TFE (Figure 8.4A), after which there is no
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appreciable change. Using the fractional helicity analysis described above, we obtain a
value of 36.1% for LEA in 40% TFE at 1 °C. Notably, temperature melt experiments
(Figure 8.4B) of LEA show no loss of cooperativity with increasing TFE percentage. We
interpret this as specific to LEA’s folding conditions – this peptide folds upon
dehydration of its exposed surfaces – however, a complete investigation of this is beyond
the scope of the present paper.
Kinetic measurements for LEA yielded a different result than that obtained for
pKID. Specifically, the relaxation rates of LEA at different TFE percentages were
indistinguishable within experimental error (Figure 8.5 and Table 8.3). This is in
agreement with our hypothesis that TFE is acting as a nanocrowder, since we expected
that crowding would have no effect on the folding kinetics of a monomeric alpha helix.
Taken together, our results using two different types of IDPs, one containing long-range
structure and one without, demonstrate that TFE has the ability to act as a crowding agent
at intermediate volume percentages 15-30% v/v.
8.4 Conclusion
There are a great number of studies in the literature dedicated to understanding and taking
advantage of the stabilizing effect of TFE on protein secondary structure. However, most
efforts to interrogate the mechanism of TFE action use proteins that contain appreciable
amounts of tertiary structure, potentially complicating analysis. Here, we use two types of
IDPs to investigate TFE effects on relaxation kinetics as a function of volume percentage.
Our results indicate that at intermediate volume percentages (15-30%), TFE acts as a
molecular crowder, increasing relaxation rates for molecules with long-range
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interactions. In agreement with this conclusion, relaxation rates for a peptide whose
native state is a monomeric helix are unaffected by this concentration-dependent TFE
mode of action, consistent with previous crowding studies.
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Figure 8.1: (A) CD spectra of pKID collected at 1 oC and in aqueous solutions of
different TFE percentages, as indicated. (B) The corresponding CD thermal melting
curves of these samples at 222 nm.
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Figure 8.2: Relaxation rate constants of pKID versus temperature for different TFE
solutions, as indicated.

111

0.1

ΔOD(t) x 1000

0.0
-0.1
-0.2
-0.3
-0.4
0

2

4

6

8

10

Time (μs)

Figure 8.3: Representative trace of the relaxation kinetics of the pKID peptide in a 30%
TFE solution in response to a temperature jump from 5.7 °C to 11 °C probed at 1630cm-1.
The smooth line represents the best fit of this curve to a single exponential function with
a relaxation time constant of 1.8 μs.
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TFE percentages, as indicated. (B) The corresponding CD thermal melting curves of
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Figure 8.5: Relaxation rate constant of LEA versus temperature for different TFE
solutions, as indicated.

114

1.3

ΔOD(t) x 1000

1.1
0.9
0.7
0.5
0.3

0.1
-0.1
0

2

4

6

8

10

Time (μs)

Figure 8.6: Representative trace of the relaxation kinetics of the LEA peptide in a 40%
TFE solution in response to a temperature jump from 3.8 °C to 8.4 °C probed at 1664 cm1

. The smooth line represents the best fit of this curve to a single exponential function

with a relaxation time constant of 880 ns.

115

Table 1: Fractional helicity (fH)
approximations of pKID in
TFE/water mixtures
TFE %
fH (%)
0
16
10
22
15
28
20
37
30
43
50
45

Table 8.1: Fractional helicity (fH) approximations of pKID in TFE/water mixtures.
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Table 2: Relaxation rates of pKID in
TFE/water mixtures at ~15°C
TFE %
τR (μs)
Tf (°C)
0
15.5
1.07 ± 0.09
2.5
15.7
1.4 ± 0.1
5
17
1.43 ± 0.08
7.5
16.2
1.22 ± 0.09
15
16.3
1.0 ± 0.3
30
16.1
1.4 ± 0.1
50
16.1
2.4 ± 0.5

Table 8.2: Relaxation rates of pKID in TFE/water mixtures at 15 °C.
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Table 3: Relaxation rates of LEA in TFE/water
mixtures at ~25°C
TFE %
τR (μs)
Tf (°C)
30
24.2
0.21 ± 0.03
40
24.7
0.36 ± 0.09
50
23.1
0.18 ± 0.05

Table 8.3: Relaxation rates of LEA in TFE/water mixtures at 25 °C.
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CHAPTER 9
Light-Triggered Modulation of the Free Energy Landscape: Using Azobenzene
Isomerization to Create a Downhill Folder
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9.1 Introduction
Despite the great amount of research dedicated to the study of protein folding,
there are still many unresolved issues. For instance, questions remain regarding the nature
of the unfolded state, the importance of off-pathway folding intermediates, and how
nascent polypeptides fold out of the tunnel of the ribosome. Of the contemporary topics
in protein folding, one of the greatest continuing debates is the nature of folding
transition states. For example, for a given protein, what is/are the transition state(s) and is
it appropriate to think about transition states in terms of a one-dimensional free energy
coordinate?
There is a substantial body of literature dedicated to studying folding transition
states. One approach dedicated to trying to understand and identify structural elements of
folding transition states borrowed ideas from enzymologists – the method of developing
transition state analogs, trapping enzyme structures in some intermediate conformation
that can then be crystallized or otherwise characterized, was quickly adapted. Examples
of trapping structure include the plethora of cross-linking strategies that, after ensuring
molecules’ native folded conformations weren’t disrupted, were used to identify
interactions present in the transition state.[27] Hydrogen exchange or other forms of
kinetic isotope effect experiments are also very useful in identifying the structure of
transient states, and do not require sophisticated mutation strategies as well.[187] Perhaps
the most famous methods to probe transition state structure are phi and psi analysis. Phi
value analysis posits that the energetic consequences of a given mutation in a protein that
folds in a two-state manner fall in between two extremes. At one extreme, the energy of
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the folded state changes, but there is no change in the energy of the transition state. At the
other extreme, the change in energy of the folded state exactly matches the change in
energy of the transition state. The first extreme would indicate that an interaction
perturbed by the mutation is not present in the transition state (φ = 0), while the second
extreme would indicate that the interaction is present in the transition state (φ = 1).[26]
Psi value analysis takes advantage of bi-histidine mutations that can coordinate zinc ions,
since the addition of zinc can be used to nucleate local structure. Folding measurements
taken as a function of zinc concentration can then be used to identify regions where this
zinc-dependent nucleation changes the folding rate.[27] While these two methods
especially have contributed greatly to our knowledge of folding transition states, the next
major hurtle for researchers was to use this information to design mutations to increase
the stability and/or folding rate of biologically important proteins, or to generalize some
design principles for creating de novo proteins. Although the latter of these two directions
has not been achieved yet, there are many examples of proteins which have been
improved upon after knowledge of folding transition states was obtained. Another idea
for applying our understanding of protein transition states is to design molecular switches
that could be used to switch proteins to fold or unfold with some external stimulus.
A great deal of effort has been made by the scientific community to develop
molecules that conformationally rearrange in response to a triggering event. There are
several ways to trigger conformational changes in molecules, however the most
commonly employed is phototriggering, due to the straightforward use of a light source
to effect structural change and the great library of molecules that rearrange upon
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illumination.[269-273] A phototrigger is useful if it meets several criteria. First, its
excitation should occur somewhere between 310 and 800 nm; lower wavelengths begin to
also excite protein sidechain and/or backbone transitions, and higher wavelengths are
typically not sufficient for exciting trigger molecules to undergo some molecular
rearrangement. Additionally, there should be an appreciable photochemical yield to
ensure sufficient signal for transient measurements. Furthermore, the triggering itself
should occur on a timescale that is significantly faster than the dynamics that are desired
to be probed. Also, a choice needs to be made about whether or not the triggering is
reversible. Here, we use an acetamide azobenzene phototrigger to study conformational
rearrangements in the Trp-cage model system.
Acetamide azobenzene is a desirable phototrigger because of its excitation at 355
nm,

its

photochemical

yield

of

~50%,

and

its

picosecond

timescale

of

photochemistry.[85] The reaction is a reversible isomerization around the central nitrogen
stereocenter; the thermally populated trans configuration (>95% at room temperature)
changes to cis, with a change in the end-to-end distance of ~3.5 Ǻ.[274] It should be
noted that the reverse reaction occurs spontaneously on a timescale of minutes, although
it can be made to proceed on a picosecond timescale with irradiation at 430 nm. Since the
conformational dynamics of interest occur on a nanosecond to microsecond timescale, we
can effectively assume that the azobenzene trigger has fully isomerized before folding
dynamics occur, and we can ignore any appreciable amount of cistrans during the
measurements.
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We chose the Trp-cage model system for our measurements because of the
extensive number of studies previously conducted for this peptide, which have led to a
fairly detailed understanding of the molecule’s folding mechanism. For example, our lab
has previously shown that the transition state of folding for the Trp-cage involves
formation of the α-helix.[237] Since the acetamide azobenzene is an ideal crosslinker for
helices, we made cysteine mutations within the Trp-cage alpha helix to allow for
azobenzene incorporation.[275-283] In this instance, we inserted the azobenzene at a
length where in the trans configuration, it would not allow the helix to fold, whereas the
cis conformer would allow it. In this scenario, upon irradiation we expect that if indeed
helix formation is the rate limiting step of folding for Trp-cage, we could nucleate folding
with light, allowing the molecule to fold in a downhill manner subsequently.
9.2 Experimental Section
Di-iodoacetamide azobenze was acquired from our collaborators in the Andrew Woolley
lab. The Trp-cage peptides were synthesized on a PS3 automated peptide synthesizer
(Protein Technologies, MA) using Fmoc-protocols, purified by reverse-phase
chromatography, and identified by matrix assisted laser desorption ionization (MALDI)
mass spectroscopy. Incorporation of the acetamide azobenzene into Trp-cage was
accomplished by following the methods established by Woolley. Briefly peptide (1.13
mM) was dissolved in Tris·Cl buffer (pH 8) containing Triscarboxyethylphospine
(TCEP, 1.13 mM) and left to incubate at room temperature for two hours. Afterwards, diiodoacetamide azobenzene was dissolved in DMSO and added to the peptide solution to a
final concentration of 0.66 mM. The mixture was placed under foil in a hood with the
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lights out and allowed to stir for 10 minutes. Afterwards, 56 µl of a 10 mM solution of diiodoacetamide azobenzene was added to the mixture, and this was allowed to stir in the
dark for 10 minutes. Following this, another 56 µl of 10 mM di-iodoacetamide
azobenzene was added to the mixture and allowed to stir in the dark for 10 minutes.
Then, the mixture was exposed to light (the lights in the hood were turned on), and the
mixture was stirred for another 10 minutes. The mixture was purified using reverse-phase
chromatography, and a second round of MALDI spectroscopy was performed to identify
the pure labelled compound. Trifluoroacetic acid (TFA) removal and H-D exchange were
achieved by multiple rounds of lyophilization.
UV-Vis spectra were collected on a Lambda 25 UV-Vis spectrometer (Perkin Elmer,
MA) before sample exposure to 355 nm light, after 5 min. exposure to 355 nm light (~7
mW), and again after 5 min. exposure to 430 nm light to convert the azobenzene
molecules predominantly back to trans. Spectra were collected at room temperature using
a 1 cm quartz cuvette and an integration time of 0.5 s/nm. Sample concentrations were
~10 µM.
For steady-state measurements, samples were irradiated at room temperature with 355 nm
(or 430 nm) light using a Fluorolog 3.10 spectrofluorometer (Jobin Yvon Horiba, NJ)
with 2 nm resolution and a 1 cm quartz sample holder. Irradiation was always performed
for 5 minutes.
CD wavelength spectra were obtained on an Aviv 62A DS spectropolarimeter (Aviv
Associates, NJ) with a 1 mm sample holder. The peptide concentration was in the range
of 35 µM in a 20% trifluoroethanol/80% D2O solution.
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The transient IR setup used is similar to the T-jump IR setup described previously. The
only difference is that here, the beamsplitter in the setup is removed and the entirety of
the energy of the 1064 nm pump laser is sent into a harmonic generator that contains two
sets of crystals, allowing for the generation of both the second (532 nm) and third (355
nm) harmonic. The second harmonic and fundamental (1064 nm) were separated from
the desired 355 nm light with a pair of dichroic mirrors, and the 355 nm light was sent
into the sample compartment. The IR cell used for these experiments has only one
compartment and a spacer of 400 µm thickness. Samples were dissolved in a 20%
trifluoroethanol/80% D2O solution and concentrated to give an OD at 355 nm of 0.25 (35
uM). Transient measurements were performed at probing frequencies of 1630 and 1680
cm-1, and the sample holder was moved constantly during measurement to ensure that
each pump laser pulse hit a different spot on the cell than the previous pulse.
9.3 Results and Discussion
Previous studies have shown that by using an i, i+7 spacing for azobenzene insertion in
an α-helix, the trans-equilibrated sample will have the peptide backbone in an extended
geometry that prevents helix formation.[86] Upon photoexcitation, however, the
formation of the cis isomer does permit helical conformations. Following this reasoning
we designed a mutant Trp-cage sequence with cysteines placed at an i, i+7 spacing
(sequence: CAYAQWLCDGGPSSGRPPPS) and incorporated acetamide azobenzene
into it (Figure 9.1). After MALDI analysis confirmed azobenzene incorporation, we
performed UV-Vis measurements of samples before and after irradiation with 355 nm
light. As seen (Figure 9.2), the π-π* transition of trans acetamide azobenzene at ~367 nm
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has a significant decrease in intensity upon irradiation with 355 nm light, whereas there is
a gain in absorbance at ~258 nm, which corresponds to the π-π* of cis acetamide
azobenzene.[86] For completeness, we also performed back-irradiation measurements,
where after 5 minutes of irradiation with 355 nm light to promote trans to cis
isomerization, samples were irradiated for 5 minutes at 430 nm to promote cis to trans
isomerization. As shown (Figure 9.2), there is a recovery of the trans-azobenzene
absorption spectrum, although it is not completely recovered, presumably because the
fluorimeter light does not illuminate the entire cell. After convincing ourselves that the
azobenzene-incorporated Trp-cage (hereafter referred to as 10b-azob) behaves similarly
to other azobenzene-containing molecules, and that the spontaneous back-reaction of cis
to trans isomerization is slow compared to the folding rate of Trp-cage (1 µs), we
performed CD measurements of the sample before and after irradiation with 355 nm
light.
The CD spectrum of the dark-equilibrated sample (Figure 9.3) indicates that the
molecules are mostly disordered. In contrast, the spectrum of the same sample after
irradiation with 355 nm light (Figure 9.3) has signatures (minima at 209 and 222 nm)
suggesting the formation of a substantial amount of helical structure. By comparing these
two spectra to the wild-type 10b CD spectrum, we can approximate the percent helicity
measured under the two conditions of this experiment. We estimate that the dark
equilibrated 10b-azob has ~20% helical content, whereas the irradiated sample has ~70%
helical content. To probe the kinetics of this large conformational rearrangement, we
performed UV-pump IR-probe kinetic measurements on 10b-azob.
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We first probed 10b-azob at 1630 cm-1, where helical content is known to absorb.
If indeed we are populating more helical conformations upon irradiation with 355 nm
light in this system, as observed in our steady state CD measurements, we would expect a
decrease in transmittance in our observed kinetics. Indeed, the measured dynamics show
a decrease in transmittance, with kinetics that are best fit to a double-exponential (Figure
9.4). Interestingly, the time constant for the slower phase is ~1 µs, which is the measured
folding time for 10b at room temperature. The other time constant, however, is ~100 ns,
an order of magnitude faster. We interpret this fast component as corresponding to a
population of molecules present at the folding transition state that proceed to the native
state via downhill folding. To further confirm this hypothesis, we probed at 1680 cm-1,
where random coil configurations are expected to absorb. At this probe frequency, we
observe an increase in transmittance with time, as expected if the photoisomerization
were to produce more helical conformations. The kinetics observed at this frequency also
are biphasic (Figure 9.5), with time constants within experimental error of those observed
at 1630 cm-1. We therefore put forth the hypothesis that insertion of the azobenzene
crosslinker into Trp-cage 10b is able to modify its free energy landscape, creating an
additional unfolded state that has a negligible folding barrier.
To confirm this, we inserted this crosslinker into a truncate of the 10b sequence
containing only the alpha helix (sequence: CAYAQWLCD, hereafter referred to as helixazob). If our hypothesis is correct, we would not expect to observe the 100 ns component
in this truncate system. The CD spectrum of dark-equilibrated helix-azob is indicative of
beta-sheet structure (Figure 9.6), however the intensity of this signature is low
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considering the peptide concentration in the measurement (~50 μM), suggesting that the
molecule is largely disordered. Upon irradiation with 355 nm light, there is an increase in
helical content as expected, although there is also an atypical minimum present at 235
nm. We speculate that this arises from some interaction of the peptide with the
azobenzene moiety when the linker is in the cis conformation that is not possible when
the linker is in the trans conformation.
Transient IR measurements of helix-azob probed at either 1630 or 1680 cm-1 yield
relaxation kinetics that fit well to a single exponential function, with time constants of 1
and 1.1 μs, respectively (Figure 9.7). Assuming that the folded structure of this peptide is
similar to that of the alpha helix in 10b-azob, we conclude that the fast component seen in
transient measurements of 10b-azob folding corresponds to downhill folding of the
molecule. This is an interesting finding because it 1) further validates the previouslyproposed folding mechanism of the Trp-cage and 2) suggests that phototrigger
crosslinkers can be used to switch a protein from an activated (i.e. barrier-containing) to
downhill folder.
9.4 Conclusion
While extensive effort has gone into identifying the structures of folding transition states
of peptides and proteins, aside from the ability to further stabilize these proteins and to
obtain generic protein design strategies, there have not been many examples of using this
knowledge to actively change the nature of a protein’s folding, e.g. to take a two-state
folder and make it fold in a downhill manner. Here, we insert an azobenzene
phototrigger, which isomerizes from a trans to cis configuration upon irradiation with
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355 nm light, into the alpha helix of Trp-cage, the formation of which has previously
been shown to be the rate-limiting step in Trp-cage folding. Steady-state measurements
of the azobenzene-containing Trp-cage show a significant increase in helical content
upon phototriggering, and transient IR measurements reveal biphasic kinetics, which
correspond to the folding rate of the wild-type Trp-cage and folding rates that are an
order of magnitude faster, suggesting a population of the Trp-cage molecules are folding
in a downhill manner upon irradiation. Control experiments on a truncate of Trp-cage
containing just the alpha helix with the azobenzene incorporated confirm that this fast
component is not a result of the phototrigger itself or due to helix folding independent of
the rest of the molecule.
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Figure 9.1: Cartoon representation of azobenzene-substituted Trp-cage. The azobenzene
moiety is shown in grey. Structure adapted from the PDB deposit 1L2Y.
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Figure 9.2: Absorption spectra of azobenzene-incorporated Trp-cage 10b before
irradiation with 355 nm light, after irradiation at 355 nm for 5 min., and after further
irradiation at 420 nm for 5 min, as indicated.
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Figure 9.3: CD wavelength spectra of 10b-azob when dark-equilibrated and after
irradiation at 355 nm for 5 minutes, as indicated.
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Figure 9.4: A kinetic trace of 10b-azob probed at 1630 cm-1 in response to irradiation
with a 355 nm pulse of light. The time constants for the double-exponential fit are τ1 =
100 ns and τ2 = 1.2 µs.
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with a 355 nm pulse of light. The time constants for the double-exponential fit are τ1 =
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134

[θ] (10 3 deg cm2 dmol-1)

30
20

Dark Equilibrated

10

Irradiated

0
-10
-20
-30

190

210

230

250

Wavelength (nm)
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CHAPTER 10
Future Directions
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In Chapter 4, we demonstrated a method to easily incorporate nitriles into
peptides/proteins via cysteine alkylation under relatively mild reaction conditions and
identified the paracyanobenzyl moiety as a useful probe of local environment. One point
that was not emphasized significantly in the chapter is the larger dynamic range of the
paracyanobenzyl moiety in comparison to beta-thiocyanatoalanine, which is the common
probe used for insertion into cysteine residues. Thus, it would be useful to insert the
probe identified in Chapter 4 into an enzyme active site to estimate the magnitude of the
local electric field in a manner similar to studies done in the Webb lab. Current work is
being performed to insert this probe in the interior of a protein near a buried charge group
in an effort to measure the dynamics and electric field of the local environment.
In Chapter 5, we described a combinatorial approach involving isotopic labeling,
sidechain infrared transitions, and mutagenesis to increase the effective structural
resolution of infrared kinetic measurements of protein folding. In the process, we
identified the dominant folding pathway of the Trp-cage miniprotein, and characterized
the structure of its transition state. The work presented in Chapter 9, where the transition
state-structure of Trp-cage is targeted for azobenzene incorporation, is a direct result of
this study. Another future direction would be to use the strategies mentioned above in
larger, more complicated peptide systems, such as LysM or NTL9.
In Chapter 6, we presented the idea of using thioamides as site-specific probes of
backbone-backbone hydrogen bonding and demonstrated its application in the Trpzip2
model system, where we showed that the hydrogen bond closest to the turn is present in
the transition state, consistent with previous studies. There is wide applicability of this
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technique in other studies, most notably as a type of ‘hydrogen bonding phi-value
analysis’ to show, backbone hydrogen bond by backbone hydrogen bond, what
interactions are present in the transition state. Another interesting application would be to
take advantage of the increased hydrogen bond donating ability of the thioamide amine to
perform similar measurements that stabilize the native state.
In Chapter 7, we use D-amino acids to investigate the importance of a conserved
glycine in the Trp-cage peptide. We find that this glycine, which is at the C-terminus of
the Trp-cage alpha helix, is not present in the transition state. A future direction of this
work would be to use D-amino acids to stabilize the folding transition state of a peptide –
replacement of a hydrophobic residue with a polar D-amino acid in a monomeric helix
(e.g. one of the AKA peptides) would presumably stabilize the molecule through
sidechain-backbone interactions, and possibly change the folding nucleation site. If this
were the case, changing the position of the D-amino acid would allow us to more
concretely understand the helix-coil transition, a process that to this day still cannot be
perfectly explained.
In Chapter 8, we examined how TFE stabilizes the folded states of proteins using
intrinsically disordered proteins as model systems. We found that TFE works, at least in
part, by acting as a molecular crowder, which causes a destabilization of the unfolded
state. An interesting follow-up to this study would be to assess how TFE affects water
dynamics, which could be done using two dimensional infrared (2D-IR) measurements to
examine the frequency-frequency correlation function of the amide I vibration as a
function of TFE percentage.

139

In Chapter 9, we use an azobenzene crosslinker as a photolabile constraint to
prevent formation of the folding transition state of the Trp-cage peptide, and therefore
largely prevent its folding. Upon releasing this structural constraint with light, we find
that the peptide has a significantly reduced free energy barrier (i.e. drastically increased
folding time), indicating that the transition state is being populated with phototriggering.
A future direction of this work might be to use this phototrigger to examine the roughness
of the free energy landscape. Since the ‘triggered’ azobenzene Trp-cage mutant folds in a
downhill manner, analysis of its folding kinetics can provide a direct estimate of the
roughness of the free energy landscape. Comparison of folding rates with those obtained
for the dark-equilibrated peptide would also allow for further refinement of the roughness
value.
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